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Interfiber Stress and Its Transmission* 


Part I: Measurement of the Contact Area Between Fibers 
Under Pressure 


Rogers B. Finch+ 


Slater Memorial Research Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 


Abstract 


A method is described for revealing the contact area between a plane and a fiber under 
the action of a transverse pressure distribution. It involves pressing the fiber against a 
plane-glass surface which has been lightly smoked with a gas flame and measuring the resultant 


impression microscopically. 





Tue PROCESSING AND USE of textile fibers 
depend upon the ability of each fiber to transmit 
stresses to another fiber. Such stress transfer can 
only take place at the surface of contact between the 
fibers. The nature of the stress transfer is, then, de- 
pendent upon the nature of the surfaces in contact, 
their mutual area of contact, the history of the stress 
application, the visco-elastic properties of the fibers in 
contact, and their relative motion. 


* This report constitutes a portion of a thesis with the 
same general title written in partial fulfillment of the re- 
quirements for the degree of Doctor of Science, June 1950. 

+ Professor of Textile Technology. 


The transmission of tangential stress between fibers 
is described as friction, whether static or kinetic, and 
is a phenomenon which represents a particular com- 
bination of the above variables. Whereas a compara- 
tively adequate unified physical theory exists for 
elastic materials [1], no such theory exists, even in 
elementary form, for visco-elastic materials. At the 
present time, the frictional phenomenon in these ma- 
terials is described in purely empirical terms, a situ- 
ation which is not conducive to the development of 
the desired physical theory. 

The objective of the present investigation is to se- 
lect one element of the unified theory and pursue it to 
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a conclusive end. One such basic element is that of 
the area of the surface of contact between fibers under 
the action of normal stresses. The ability to meas- 
ure such areas permits experimental verification of a 
mathematical theory of large deformations of ani- 
sotropic visco-elastic materials to be obtained. It 
would appear, then, that the measurement of contact 
areas is basic to the development of the desired unified 
physical theory of interfiber stress transmission. 


Experimental Procedure and Results 


In the transmission of stress between fibers under 
the application of a normal load, the nature of the 
stress distribution depends upon the area over which 
the stress is distributed, the shapes of the bodies in 
contact, and their relative mechanical properties. 
Hertz [2] has shown that in the case of small strains 
in isotropic Hookean materials, the distribution of 
stress and the nature of the area of contact may be 
expressed quantitatively from the theory of contact 
of such bodies. No such theory exists for anisotropic 
visco-elastic materials. It is important, then, that 
before quantitative study may be made of the trans- 
mission of the stress within fibrous structures such 
as yarns and fabrics, the means by which fibers trans- 
fer stress to one another and the nature of the con- 
tact area be established. 

In the absence of an adequate theory for the trans- 
mission of such stress, it would appear to be neces- 
sary to develop means for measuring the contact area 
under the application of a wide range of normal loads. 
It is then obvious that if the relationship between the 
area of contact and the applied load conforms to the 
Hertzian relationships for Hookean materials, as a 
first approximation, it may be assumed that the dis- 
tribution of stress likewise conforms. At the present 
stage, also, no adequate means exists for the direct 
measurement of this stress distribution. Thus, it is 
necessary to use indirect means of this nature. 

The primary problem, then, consists of placing 
fibers in contact under measurable normal loads and 
determining the nature of their contact areas. 


A. Apparatus 


1. The Contact Area—The principal experimental 


problem is that of revealing the contact area in such 
a manner that its shape and dimensions may be de- 
termined for a given set of contact conditions. One 
important qualificdtion which must be placed on such 
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a method is that it must be rapid. This is important 
inasmuch as the size and shape of the area may be 
expected to change with time. A rapid method would 
also permit the measurement of the change in area as 
a function of time, a property which should be re- 
lated to the stress-relaxation behavior of the material. 

In the investigation of Hookean materials, Hertz 
[2] stated that he had revealed the contact area be- 
tween metals and glass plates by placing the thinnest 
possible layer of lampblack over the glass surface and 
then placing the bodies in contact. The area of con- 
tact could then be clearly delineated from the sur- 
rounding area when viewed with obliquely reflected 
light. No mention was made of the method by 
which he produced such a layer, but he did state that 
if transmitted light could be seen through the film at 
The 
measurement of the area should only be made if the 
film in the area of contact is unbroken. 


the area of contact, the contact was imperfect. 


Evidently, 
he employed an opaque layer. 

This suggestion hinted at a possible method for 
application to the problem at hand. However, the 
thickness of the layer to be obtained depends upon 
the size of the carbon particles, their density on the 
glass surface, and the number of layers of such par- 
ticles. Hertz mentioned that this layer was only 
satisfactory when applied to a glass surface, a fact 
which will have greater significance later in this dis- 
cussion. The various methods of producing layers 
of controllable particle size, density, and thickness 
were then considered. 

In a quest for simplicity of method, recourse was 
taken to a Bunsen burner as a source of a flame which 
could be used for producing a thin smoke film on a 
glass surface. Such a flame was produced by burn- 
ing commercial gas and closing the air ports on the 
burner so as to produce a completely yellow flame. 
The coarseness of particles produced from such a 
flame decreases toward the tip of the flame. It has 
also been reported that the finest particles are pro- 
duced by flames of commercial gas. Flames of such 
pure gases as benzene produce much coarser particles. 

In the author's early investigations with the flame, 
opaque layers were produced on microscope cover 
glasses by passing the cover glass through the flame 
a number of times. Such layers would transmit no 
light at all until a fiber had been pressed against 
the slide. The thickness of such layers, however, ap- 
proximated the diameter of the fiber itself so that 
the impression obtained was merely that of the fiber 
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Fic. 1. Impression of a fiber that had been pressed 
into a thick layer of carbon deposited by a flame on a 
glass slide. 


in the layer. This is evidently the type of layer 
employed by Hertz. 

Figure 1 shows the nature of such impressions in 
transmitted light. The area surrounding the fiber 
impression is composed of a thick layer of carbon 
particles. Within the impression itself may be seen 
the clear portion in the center where the fiber has re- 
moved or pushed aside the carbon particles of the 
layer. Between that area and the undisturbed film 
may be seen an area which consists of chains which 
have been crushed down and partially removed but 
where no contact has taken place between the fiber 
and the glass slide. A double impression may also 
be seen, which is due to the comparatively great dis- 
tance which the fiber must travel in the experimental 
apparatus from the time it first touches the outer par- 
ticles of the carbon layer until it is removed from the 
slide. This distance allows the lateral motions, which 
are possible in the platform of the experimental ap- 
paratus, to have an effect which is virtually eliminated 
when the layer is thin. 

Removal of particles from the middle portion of 
the impression was verified by subsequent examina- 
tion of the fiber. Particles of carbon could be seen 
clinging to the fiber. 

When the impression shown in Figure 1 was ex- 
amined by obliquely reflected light (produced by 
causing the light to impinge upon the slide from 
a small angle above the plane of the layer),* the 
width of the impression shadow was found to be 
17.0. This may be compared with the diameter of 


* All photomicrographs have been taken with transmitted 
light, which requires the use of relatively thick layers of 
carbon film in order for them to be photographed. Measure- 
ments were made with reflected light, as described, but the 
intensity of illumination was insufficient for them to be 
photographed. 


Fic. 2. Impression of the same fiber as in Figure 1 
under the same load, but obtained by using a thin film. 
the fiber, 29.2 4. Clearly, then, this must be a pro- 
file of the deformed fiber and not just the contact 
area between the glass and the fiber. 

With the knowledge that this layer was far too 
thick to be used for the purpose desired, thinner layers 
were produced by placing the cover glass in the flame 
for shorter and shorter times. Eventually, it was a 
matter merely of drawing the cover glass rather rap- 
idly through the tip of the flame. To the eye, the 
glass appeared slightly smoked and slightly reduced 
the intensity of light transmitted through it. How- 
ever, in the microscope, no evidence of the layer 
could be detected other than the reduction of the in- 


tensity of transmitted light. This indicated that a 


layer of a very thin nature had been produced. Com- 
parison with the thick layer, using the same fiber 
and the same normal load (Figure 2), indicated that 


the dimensions of the impressed area decreased to 
5.1. Variations in the thickness of the layer, due 
to the difficulty in drawing the slide through the 
same point in the flame at the same velocity each 
time, did not produce significant changes in the di- 
mensions of the impressed area at this level of thick- 
ness. This indicated that the thickness of the layer 
must be well below the diameter of the fiber and must 
be capable of indicating only the area of contact. 
Thus, any variation in the thickness of the layer 
must be well within the precision of the measure- 
ment of such parameters as the width of the contact 
area, the diameter of the fiber, and the applied normal 
load. It was decided that this condition was satisfac- 
tory for making the desired measurements. 

The full significance of the nature of a carbon film 
produced in this manner was revealed in a discus- 
sion with the Cabot Laboratories, considered to be 
an authority in the field of carbon black. They have 
developed a method for producing layers of con- 
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Fic. 3. Electron photomicrograph of carbon-black 
layer produced by evaporation of an aqueous dispersion. 
Magnification, 50,000 x. Particle size, 260 A. 
tesy, Godfrey L. Cabot, Inc.) 


( Cour- 


trollable thickness on Formvar films supported by 
This 


consists of allowing a drop of an aqueous dispersion 


screens for use in the electron microscope. 


of carbon-black particles of known concentration to 
evaporate, leaving a thin film of carbon black for elec- 
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tron microscopic examination. Figure 3 shows the 
nature of the distribution and size of particles ob- 
tained in a layer of this kind. Such particles are 
relatively evenly dispersed and have a high density 
as compared with the thickness of the layer. On the 
other hand, layers produced by a flame are of an en- 
tirely different structure. Figure 4 shows quite 
clearly the exact nature of such layers and provides 
an explanation for the performance of these layers 
under the action of an impressed fiber. The film 
produced by the aqueous-dispersion method is virtu- 
ally two-dimensional in nature, since its compres- 
sibility normal to the slide is of such a small order 


of magnitude that when a fiber is impressed upon it, 


it does not respond by providing a distinguishable 
contact area. On the other hand, a film produced by 
a flame, as shown by the stereo-micrographs of Fig- 
ure 4, shows a remarkable three-dimensional struc- 


ture.* It can be clearly seen that the carbon particles 


are arranged in long, branched chains extending out 


from the surface of the slide. However, these chains 
are thinly dispersed over the surface of the slide. 
It is not too difficult to imagine what occurs when a 
fiber is pressed against this structure. It may be 


presumed that these chains are crushed down against 


* There are three ways in which the stereo effect may be 
obtained without removing Figure 4 from the JourRNAL: 
(1) holding one hand in front of the nose with the plane of 
the hand at a right angle to the face; (2) using a viewer 
which rests on a tripod; (3) using an ordinary viewer, 
which requires a mounted card, by holding up the page and 
bringing the viewer up to it—Editor. 


Fic. 4. Electron stereo- 
micrographs of carbon- 
black layer produced by 
passage through a benzene 
flame. Magnification, 10,- 
000 xX. Particle size, 400- 
500 A. (Courtesy, God- 
frey L. Cabot, Inc.) 
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the slide into a dense and chainless structure and, 
thus, produce a contact area which is clearly distin- 
guishable in obliquely reflected light. 

The thickness of such a layer may also be readily 
determined from a slide especially prepared for the 
electron microscope. In this instance, it was stated 
that the particle size was about 200 A., and, with 
about 15 particles in the chain extending out from the 
slide, produced a chain length of about 3,000 A. If, 
then, the layer is crushed down to a thickness of 4 or 
5 particles, which is difficult to verify without con- 
siderable electron-microscope examination, it is not 
difficult to see that the crushed areas and noncrushed 
areas become sufficiently different to give measure- 
able delineation. This thickness of layer is well 
within the dimensions necessary to eliminate the in- 
fluence of its own thickness on the true width of the 
contact area. A thicker layer would tend to provide 
a measured area larger than the true area because of 
its contact with the fiber outside of the true plane or 
surface of contact. 

An explanation for the chaining phenomenon has 
been suggested. When a glass surface is drawn 


through the flame, there is a large temperature dif- 
ferential between the glass surface and the particles 


in the flame. Thus, when the first particles come 
into contact with the surface, they are cooled rapidly. 
Subsequent particles, being of higher temperature, 
come into contact with these particles before they 
have a chance to reach the glass surface and, there- 
fore, attach themselves to the cooler particles. This 
procedure continues for the length of time that the 
glass is in the flame. If, however, the slide is left in 
the flame for a longer period of time, the slide heats 
up and a large number of particles are interspersed 
with those already existing in chains. This produces 
the thick and opaque layer which was observed at the 
outset. 

It is to be noted that the above observations were 
obtained with the use of Formvar films rather than 
with glass slides, as were used in the method described 
here. It has been stated that chains formed on a 
hydrocarbon base would tend, theoretically, to be 
much longer than those formed on a glass surface. 
Those films obtained on glass, then, might be expected 
not to exceed the thickness of those described above 
but, rather, to be somewhat thinner and, therefore, 
well within the required thickness limit. 

It is to be appreciated that the character of layer 
produced is highly dependent upon the judgment of 
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the operator. It is unfortunate that the procedure 
is not more quantitative and precise. However, with 
experimentation of the type indicated above, there is 
no reason why an operator cannot become proficient 
in producing sufficiently thin and reproducible layers 
which give results well within the precision of meas- 
urements of the other parameters. 

2. The Normal Load.—This investigation has been 
limited to the effect of the load normal to the surfaces 
in contact. The problem in connection with the nor- 
mal load is to be able to ensure that the load is nor- 
mal to the surfaces and that the mechanism for 
producing and measuring the load level does not influ- 
ence the area of contact. Obviously, much mechani- 
cal motion or vibration in the mechanical system 
would have great influence upon the contact area. 

Again, simplicity of mechanism was sought. Fig- 
ure 5 is a picture of the apparatus used to produce the 
normal load. It consists of an inverted projection 
microscope that is securely fastened to the table. 
This mechanical arrangement minimizes bending the 
entire system due to the application of load. It is 
apparent that apparatus could be designed which 
would have exceedingly higher rigidity factors, but 
this apparatus appeared to be adequate for the present 


Fic. 5. Load-producing and -measuring apparatus. 
F—Fiber. M—Microscope. G—Solid glass rod. B— 
Beam balance. C—Cover glass on slide cemented to 
platform. 
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investigation. Across the bottom end of the body 
tube was cemented a glass slide on which was mounted 
a length of solid glass rod 2.485 mm. in radius. 

Beneath this tube is a triple-beam balance with a 
scale range from 0 to 2,000 g., sensitive to 0.1 g. A 
stop was arranged to prevent the beam from dropping 
more than two divisions below the balance point, thus 
minimizing any lateral motion of the platform. It 
is obvious that this balance is not necessarily uniquely 
adapted for this investigation. Its principal merits 
are that it allows a wide range of loads in the region 
desired and it is sufficiently rugged to give mechani- 
cal rigidity of the type encountered in the projection- 
microscope system. It is likewise true that a more 
universal and mechanically rigid load-measuring sys- 
tem could be designed to do a more adequate job, 
but the system described gave reproducible results 
except in the low-capacity range of the instrument 
and was considered to be adequate for the present 
investigation. 

3. The Microscope—tThe contact areas obtained 
were of exceedingly small dimensions and, thus, it 
was necessary to employ a calibrated microscope in 
order to measure the dimensions of these areas. 

A filar micrometer was employed in combination 
with 4-, 8-, and 16-mm. objectives. A stage microm- 
eter was used to calibrate the filar-micrometer scale. 

The arrangement of the source of light was of par- 
ticular importance. A focusable microscope light was 
employed for this work. It could be readily adjusted 
vertically, easily rotated, adjusted for vertical angle, 
and focussed. A satisfactory lighting arrangement 
was obtained simply by adjusting the glancing angle 
and focus of the light source until the contact areas 
could be readily distinguished and measured. No 
more precise description of the arrangement can be 
given than this. The criterion of whether or not the 
light is satisfactory is a matter of the personal judg- 
ment of the individual observer. 


B. Method of Measurement 


1. Fibers—The problem at hand required that 
the fibers employed have diameters lying in the range 
occupied by textile fibers and that they be perfectly 
circular. It was also considered desirable to use a 
fiber which had no secondary creep and which had 
a relatively high modulus of elasticity to permit the 
use of relatively high loads in the measurement of 


contact areas. These requirements were met quite 
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adequately through the use of nylon which was fully 
drawn. This had the additional feature of being a 
continuous-filament fiber and, as such, had a rela- 
tively uniform diameter over the lengths employed 
in this investigation. 

The fibers actually used were dissected from a con- 
tinuous-filament yarn composed of many filaments. 
It was not expected that these filaments would be 
identical in diameter. A study was made, therefore, 
to determine if the mean diameter of a group of meas- 
urements was representative of all the filaments or 
if it would be necessary to measure the diameter of 
each filament in the region of applied normal load. 
A statistical comparison of the differences between the 
diameters of different filaments and between those 
measured along the same filament indicated that the 
variation along a filament is insignificant in compari- 
son with the differences between filaments. Thus, it 
was necessary to measure the diameter of each fila- 
ment used. 

2. Contact Areas—lInasmuch as the carbon film 
described above cannot be obtained on a fiber but only 
on a glass surface, the type of glass solid against 
which to press the fiber was investigated. In order to 
provide a rigid plane surface, a microscope slide was 
cemented to the surface of the triple-beam-balance 
scale platiorm. The smoke film could then be placed 
on cover glasses and these placed on the glass-slide 
base. This formed an almost ideally plane surface 
against which to press the fiber. 

The glass rod mounted on the lower end of the in- 
verted projection microscope was employed as a 
means for overcoming the problem of getting the 
lower end of the load unit absolutely parallel with the 
surface of the balance. This was done by making the 
length of the glass rod about equal to the rod’s diam- 
eter or considerably smaller than the width of the 
cover glass. Slight nonparallelism in any direction, 
then, would not be expected to affect the results so 
long as the rod did not at any time contact the cover 
glass. 

The fiber was then placed across this rod at right 
angles to its axis. This angle could be made any one 
desired, but the simplest theoretical case is when the 
angle is 90 degrees. The two principal radii in- 
volved are the radius of the straightened fiber, as pre- 
determined in the microscope, and that of the glass 
rcd. When this arangement was pressed against the 
smoked cover glass, elliptical patterns were produced 
over a considerable range of loads. 
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In use, the value of the load to be applied to the 
fiber was set on the beam of the balance and the tube 
was run down until the fiber touched the smoked 
slide. The tube was run down further until the bal- 
ance was level and was then reversed until the fiber 
was withdrawn from the surface. The slide was then 
removed and placed in the microscope for examina- 
tion. The filar micrometer could then be used to 
measure the principal axes of the elliptical impres- 
sion or camera-lucida drawings could be made. 


C. Contact Areas of Various Textile Materials 


The development of the carbon-film method of re- 
vealing the contact area between fully drawn nylon 
filaments and glass surfaces has made it possible to in- 
vestigate the contact areas of other forms of textile 
materials. At this stage, however, it is not possible to 
obtain simple mathematical relationships between the 
contact area, applied normal load, geometry of the 
material, and the stress distribution over the area of 
contact. However, the method is capable of providing 
the concentrated area of contact as a function of the 
load applied to a given material. In order to explore 
the application of the method to other forms of tex- 
tile materials, a number of varied examples of such 
materials were subjected to the method described. 

Continuous-filament viscose rayon is equivalent, in 
many respects, to the fully drawn nylon used in this 
investigation in that it is relatively uniform in cross 
section axially and does not have a complex micro- 
scopic structure. As a fiber, however, it represents a 
degree of complexity which is above that of the fully 
drawn nylon. It has considerable secondary creep 
and a highly irregular cross section as a result of the 
longitudinal striations which are characteristic of this 
fiber. It may be expected, then, that the area of con- 
tact would not be of the regular character of that ob- 
tained for the fully drawn nylon filament. Figure 6 
shows an impression of such a viscose filament under 
a normal load of 5g. The appearance of two separate 
areas of contact is not an accident of the experiment 
but could be repeated many times. The only explana- 
tion for the appearance of two such areas is that two 
striations are in contact with the cover glass and that 
a distinct region separates them. 

Another type of fiber structure is that represented 
by the wool fiber. It is a natural staple fiber and, 
consequently, has a variable structure along its length. 
Internally, the wool fiber consists of cells and a 
central channel, departing materially from the sim- 
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Fic. 6. Carbon-film imprint of a filament of 


viscose rayon. 


Fic. 7. Carbon-film imprint of a wool fiber. 


Fic. 8. Carbon-film imprint of a 40/1 combed 


cotton yarn. 


ple structure of the nylon and the viscose filaments. 
It is naturally highly crimped and cannot be com- 
pletely straightened without stretching. Its surface is 
highly irregular, consisting of visible scales. A speci- 
men of 62’s domestic wool was subjected to a normal 
load of 5 g. and the contact area obtained as in Figure 
7. The area of contact is not as clearly defined as that 
obtained with the nylon and viscose filaments. This 
may be accounted for, in part, by the irregularity of 
the surface of the fiber itself; but the waviness of the 
pattern may be accounted for in the crimp of the fiber. 

A 40/1 combed cotton yarn was selected to show 
the effect of combining a number of fibers and insert- 
ing twist into the strand. Figure 8 shows the result 
of the application of a 5-g. load to such a yarn. It is 
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Fic. 9. Carbon-film imprint of a cotton tire cord. 


Fic. 10. Carbon-film imprint of an 8.5-oz.-per-sq.-yd., 
high-sley tent duck, two ends woven as one. Dashed 
areas indicate contacts of double ends. 


quite evident that the individual fibers of which the 
yarn is composed are at a uniform angle with the axis 
of the yarn, and the area of contact of each is clearly 
definable. Nothing can be said, however, about the 
distribution of stress among such a group of fibers. 
The diagrams produced with cotton tire cord under 
a 500-g. load exhibit a similar type of contact area 
of individual fibers but, in addition, give a clear pic- 
ture of the ply and cord twist structure. 
be seen in Figure 9. 


This can 
It is to be noted in particular 
that the individual fibers lie parallel with the axis of 
the cord, an indication of balanced twist. 

The final material investigated was an 8.5-oz.-per- 
sq.-yd., high-sley cotton duck. This construction is 
composed of single warp and filling yarns, but is 
woven in an Oxford weave, two ends woven as one. 
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Figure 10 clearly shows both the general contact 
areas produced by the warp yarns and the concen- 
trated areas of the fibers of which they are composed. 
In this respect, the areas produced by the exposed 
warp yarns are similar to those of the individual yarn 
shown in Figure 8. However, a load of 500 g. was 


used on the fabric against 5 g. on the individual yarn. 


Summary and Conclusions 


The above results show that the method of reveal- 
ing concentrated contact areas is applicable to a wide 
variety of textile materials. In this respect, it may 
prove valuable in such studies as the transmission of 
stress within textile materials, transmission of stress 
through friction to other materials, and the abrasive 
wear of textile materials. 
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Part II: Theory of the Pressure Distribution and Contact Area 
Between Fibers 


Abstract 


A study of the assumptions underlying the development of the Hertzian equations for the dis- 
tribution of pressure and the shape of the contact areas of curved isotropic elastic solids has been 


made. 
experimentally investigated and verified. 


The applicability of these equations to certain anisotropic visco-elastic fibers has been 





Ix PART | it was shown that the development of 
a method for determining the contact area between 
fibers under the action of a pressure distribution 
is fundamental to the development of a unified 
physical theory of interfiber stress transmission. 
A method which employed a thin layer of smoke 
on a glass surface as the means for revealing the 
shape of the contact area of a fiber was described. 

In the transmission of stress between fibers, it is 
necessary to recognize those factors which play a 
dominant part in determining the nature of the 
stress transfer. The first of these is the geometry 
of the surfaces in contact. Obviously, rough sur- 
faces in contact would manifest completely different 
stress distributions from those which are smooth at 
the molecular level. A complete definition and 
description of the surface geometry is, then, neces- 
sary if the frictional phenomenon is to be understood 
other than empirically. Surfaces which in the larger 
geometrical sense are curved or plane would reflect 
stress distributions and contact areas that are de- 
pendent upon the degree of curvature. Finally, 
the physical behavior of the solid continuum under- 
lying the surface would determine the extent to 
which areas under stress would deform and the 
manner in which the stress would be transferred 
into the continuum. A rather complete study of 
these factors has been made in the field of isotropic 
elastic solids [2] and rather adequate theories de- 
veloped for these materials. However, little such 
information in the field of anisotropic visco-elastic 
materials is available for the development of similar 
theories. 

The principal barrier in the development of such 
a complete and fundamental theory is the lack of 
an adequate theory of large deformations of solid 
continua of the visco-elastic type. Many investi- 
gators are now concerning themselves with this 


problem in basic research. However, until a com- 
pletely adequate theory is found, a rather serious 
limitation will continue to be imposed upon those 
seeking to explain physical phenomena in this class 
of materials in terms of fundamental scientific laws. 

Even with the lack of such a complete theory, 
it is necessary to proceed within the imposed limi- 
tations to select a simple theory already in existence, 
even though the basic assumptions might not be 
adequate, and determine experimentally whether or 
not the theory is adequate. Such a starting point 
is provided in the form of the development for 
isotropic elastic solids based upon the derivations 
of Hertz [3]. It was reasoned that if the relation- 
ship between the applied normal load, the contact 
area between two isotropic elastic solids, their 
physical properties, and their geometry were veri- 
fied experimentally, both the area of contact and 
the stress distribution over the area could then be 
quantitatively defined. Obviously, both of these 
parameters must be known before the addition of 
tangential stresses may be investigated as in the 
frictional phenomenon. 

Recognizing the drastic limitations placed upon 
the materials being investigated, it was decided to 
determine whether or not the Hertzian derivations 
were even a first approximation to the performance 
of anisotropic visco-elastic materials in the form of 
fibers or filaments. It was reasoned that if this 
were a close approximation, the assumptions rela- 
tive to the stress distribution might likewise be 
applied. For this purpose, fully drawn nylon fila- 
ments approximately 154 in radius were selected 
for the reason that they are exceedingly uniform 
along their lengths in radius and circularity. This 
eliminated the necessity for having to investigate 
this relationship with a large number of specimens 
in order to treat the results statistically. Another 
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factor was that the fully drawn nylon is almost 
completely devoid of secondary creep, and, thus, it 
could be expected that cyclic evaluations would be 
comparable. 

Although nylon might not be representative of 
the bulk of the natural and synthetic textile fibers, 
nevertheless it might be considered to be a model 
anisotropic visco-elastic material and, in this respect, 
to be admirably suited to a basic investigation. 
The apparatus was limited in accuracy to readings 
of 0.5 g. in so far as the calibration of the platform 
scale was concerned. However, investigation of 
the contact areas between filaments and smoked 
cover glasses indicated that the practical limit for 
_the entire assembly was slightly above 1.5 g. No 
readings below 2 g., therefore, were taken. The 
reason for this limitation appeared to be the rigidity 
of the entire system, and primarily that of the 
platform scale; at very low loads, the slightest 
vibration from any source caused the fiber to slip 
over the surface of the cover glass and produce 
multiple patterns which could not be analyzed. 
Thus, investigation was limited to moderately high 
and high normal loads. 

This limitation made even more questionable the 
possibility that the Hertzian derivations would be 
applicable even as a first approximation. It might 
be expected that for very low loads and very low 
deformations there might be good agreement. 
Agreement at large deformations, however, would 
certainly be less certain. In this respect, there is 
a definite need for an instrument which would 
provide sensitivities and rigidities far greater than 
those of the instrument used in this investigation; 
this would make possible an extension of the experi- 
mental and theoretical approach employed here to 
the region of small strains. 


Theory of the Area of Contact of Curved 
Elastic Solids 


Hertz [3, 4] was the first to provide a quantita- 
tive basis for the theoretical area of contact of 


curved elastic solids. The following is based upon 
his original conception and represents an extension 
to special cases which are of interest in connection 
with the basic problem. 

When two curved elastic isotropic bodies are 
pressed together, they contact each other over a 
finite area. The common pressure is distributed 
over this area. Such a contact area may be ex- 
pressed mathematically since the bodies are assumed 
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to be perfectly smooth. Furthermore, the force 
which presses the bodies together acts along the 
common normal. In a rectangular rectilinear sys- 
tem of coordinates the common tangent plane is 
designated as the xy-plane, with the common normal 
as the z-axis. The origin of the axis system is at 
the point of contact. Only the region in the vicinity 
of this origin will be considered, as the stresses 
acting between the surfaces are confined to this 
area and are dependent to a minor extent upon the 
state of stress elsewhere in the bodies. 


A. General Case 


The distance between points on the surface of the 
bodies and the tangent plane in the area close to 
the origin (Figure 1) can be represented by a homo- 
geneous quadratic function of x and y as a close 
approximation. The equations for the two surfaces 
may then be given by 


ba A;x* + Cixy + By’ 
and 
Ze Axx? + Cory + Bzy*, 
and the distance between the two surfaces by 
2 — 2 = Ax? + By’, (2) 


where A = A, — A, and B = B, — By. The term 
involving xy is eliminated by suitably orienting the 


Zz 


Contact Surface 


Fic. 1. Contact surface of pressure formed when two 
curved bodies (1 and 2) are pressed together, 
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x- and y-axes. By selecting the positive z-axis in 
the body designated by the index 1, A and B become 
positive quantities. The locus of corresponding 
points on the two surfaces having the same value 
of 2, — 2 is an ellipse the center of which is the 
origin. Thus, for different values of 2; — 2 a sys- 
tem of similar ellipses is formed. 

Next, consider that in each body there exists a 
rectangular rectilinear system of axes rigidly con- 
nected with each body at infinity and coinciding 
with the xyz system of axes defined above. Upon 
application of pressure between the two bodies, the 
coordinate systems will be shifted along the z-axis 
relative to one another. The motion of each set of 
axes from the origin along z will be equal to the 
distance which a point at an infinite distance from 
the point of contact approaches the origin under 
the action of the pressure. This will also corre- 
spond with the motion of all points in the body if 
the solids could penetrate each other without change 
in shape. Such motion is shown in Figure 1 by 
the dashed lines. The relative motions of the 
bodies are g, and go, respectively. As points such 
as M and N enter the surface of pressure, however, 
they are respectively compressed w. and w;. If e 
is the distance between two corresponding points 
after deformation, then 


e = (% — 22) — (g1 — ge) + (Wi — we), (3) 


or, from before, 
e = Ax? + By? — g+ (wm. — wm). (4) 


The problem now is to obtain a mathematical 
shape for the surface of pressure, a system of dis- 
placements, and a system of stresses which will 
conform with the following conditions: 


1. The bodies in contact are Hookean in their 
elastic behavior and may be described in terms of a 
Young’s modulus, £, and a Poisson’s ratio, v. 

2. Internal distribution of stress, o, and strain, e¢, 
must be such that the equations of compatibility 
are conformed with: 


a6 


(1 oa v)V’o- 4 Ox? 


0; (5a) 


0°60 


(1 + v)V*o, + — (50) 


(1 + »)Vo. + © 


where @ = oz + oy + o;, and 
da 0a de 
Vo = = + ay + 35° 


3. The following boundary conditions must be 
met: 


(a) At infinity, «, €,, €: vanish because the 
coordinate system is rigidly connected to 
the body at this point. 

(6) Outside the surface of pressure, the normal 
stress vanishes. 

(c) Inside the surface of pressure: (1) tangen- 
tial stresses normal to the z-axis are zero; 
(2) at a point, the normal stress in one 
body equals that in the other; (3) integral 
of pressure equals total load, N, applied; 
(4) o, is positive; (5) e reduces to zero and 


W, — W. = g — Ax*® — By’. (6) 
Outside the surface of pressure: 
W; — W. > g — Ax* — By’; (7) 


otherwise, one body would flow into the 
other. 


Hertz [4] has shown by analogy with the distri- 


bution of static charges that such a surface is 
given by 


Om 3N “(1 Sts x? a 5 -f) 
~ 16" J, a+rk +X X 
x me ey —— =~ —= 9 
v(a? + A)(B? + A)A 
where u is the positive root of the cubic equation 


pus RS ee oe 
e+u P+u u 

Such a surface is bounded by an ellipse the semi- 
axes of which (a and 3) lie along the axes x and y, 
respectively. The equations for the axes of the 
ellipse of pressure are then given by 


0 V(a? + u)*(b + u)u 3N ki + he 


and 


fy du ces 
» Via? + u)(2 + u)*u 


where 
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: %  gicce 
If the ratio f = , 3s introduced, then, by 
‘ \ 


transformation u = 6?2?: 


xf dz a 2 A e 
a? o V1 + f2s*)8(1 + 2°) 3N ki + ke’ 


9 


and u = a’z?: 


dz 2 B 


1 ® 
af 7 2\3 . inh 


The constants A and B which appear in equation 
(2) are related to the principal radii of curvature of 
the two bodies as well as the angle between the 
planes containing these radii. Let these radii for 
the first body be Ry and Ry, and for the second 
body Re; and Rx». Let w be the angle between the 
planes of Ry and Rs. Radii are considered as 
being positive if their centers lie within the body. 
The axes xy are so placed that the xz-plane forms 
an angle w’ with the plane of Ru. 

The equations of the surfaces then become 


(x cos w’ + ysin w’)? 
Ru 
hae 
(y cos w’ — xsinw’)? 


. Ri 


[x cos (w’ — w) + ysin (w’ — w) F 
Ray 
[y cos (w’ — w) — xsin (w’ — w) - 


Rx» 


From equation (2) the distance between the two 
surfaces, 2; — 22, is equal to Ax* + By*. Subtract- 
ing equation (16) from equation (15) and substi- 
tuting Ax* + By® gives three equations in A, B, 
and w’, where 


tan 2w’ = = = : 
cd a 
COS Z2W 
(e-:) +(e) 


1 
Ra + Re’ (18a) 


ee 
Ru Ry» 
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Introducing an auxiliary angle, r, where 


gives 


2A 


1 1 1 1 oe 
2B (ze + Rat Ra + Re) 3° (21) 


Equations (13) and (14) may now be expressed 
in the form 


1 f dz 
a’ 0 V (1 + f?2*)3(1 + 2 


1 1 1 
1 (ze ,s 
3N ki + hs 


dz 


1 { 
b° 0 :\? 2 
Vit F) ate 


1 1 1 1 
= 1 ( Ry * Ri» ui Rx bs Ra) cos” 


? 
3N bith 77 © 


By dividing equation (22) by equation (23), we 


obtain 
1 dz 
3 0 V ( 1 + ry 1 + 2*) T 


= tan?’ 


f *x dz z* 


(24) 


o 
2 


¥: v( +2)a+2) 


a transcendental equation in the ratio f and in r. 
Legendre’s tables may then be used to evaluate this 
integral so that a and b may be expressed as 


3a N( ky + ko) 


a=m ,} 
: 1 


1 1 1 
\ 2 2 ey Ra) 


= | 3a N(R; + ke) 
Bale | OF WS 1 ee Ee 
Vz +E Rt k) 


The coefficients m and n are then transcendental 


functions of the auxiliary angle, r. These values 
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TABLE I. Hertz Coerrictents AS A FUNCTION OF 
AuxtLiary ANGLE, 7 [4, 6] 


m n 


20 0.000 
0.319 
0.408 
0.493 
0.530 
0.567 
0.604 
0.641 
0.678 
0.717 
0.759 
0.802 
0.846 
0.893 
0.944 
1.000 


a 


pm pd pm md pe bet ie ed ee ND ND ND Gd 


are given in Table I, having been calculated by 
Hertz [4] and by Whittemore and Petrenko [6 ]. 

The above expressions indicate that the semi- 
axes of the ellipse of pressure vary as the cube root 
of the normal pressure, inversely as the cube root 
of the sum of the reciprocals of the radii of curva- 
ture, and inversely as the cube root of the moduli 
of elasticity. 

The surface of pressure so described is not a 
plane, but, rather, is part of a quadric surface 
It takes 
a shape most like that of the body having the larger 


formed by the contact of the two bodies. 
modulus of elasticity. Thus, the bodies essentially 
indent each other and approach each other an 
Hertz [3] has 


amount g, previously described. 
shown that it may be expressed as 


, = Na+ an dz 
20 @ Jo VA + fe*)(1 + 2%) 


If g is separated into its two parts, composed of 


(27) 


k, and ko, it is found that these are the respective 
indentations or amounts that the origin has ap- 
proached the infinitely distant portions of the 
If the value a is substituted, g may be 
seen to vary as the } power of the applied normal 
load, N. 

The distribution of the pressure, o., over the 
surface of pressure is given by Hertz [3]: 


_ aN V1 rape 
2rab , 


the equation of a semi-ellipsoid constructed on the 


bodies. 


o. = 


Fic. 2. Semi-ellipsoid of stress over the ellipse of con- 
tact between two curved bodies under pressure. (Timo- 
shenko |5}.) 
surface (Figure 2). 0, has its maximum value at 
the origin; 

3N 


=-— : (29) 
q 2nab’ 
or a value which is 1} times the average pressure, 


-, over the surface. 


mab 


Seen eh eee ate teed 


B. Special Case—Cylinders in Contact 


nvr 


1. At an Angle w Between the Planes of Their 
Principal Radui.—Two cylinders in contact at an 
angle w between the planes of their principal radii 
introduce a simplification in that Ry» = «© and 
Ry» = 2, 


Thus, equation (18) becomes 


2(A + B) = ( 


%) 
Ri R, 


and 


2a) +(e) +) 


while equation (19) becomes 


I K, ) +( RR) °° 2w+( 


V (x ) +( RE) 


a and 6 reduce to 


ei 


cos T = 


3aN(k; + ko) 


(a+ x) 


3aN(k, + ky») 


eal ; 
V (a, + x) 


while g is given by equation (27). 
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2. Identical Cylinders at an Angle w Between the 
Planes of Their Principal Radiwi.—A case of par- 
ticular interest arises when two identical cylinders 
areincontact. Here R; = R. = Rand k; = kz = k. 
Then 


274+ B)=s3 (35) 


and 


2 
= COS w. 


2(A —B) R 


- Vi (1 + cos 2w) = — 
Hence, 


COS &, 


me/SFNER _ ,, NRO — ¥) 
ee oe 2E 


3[3NR(1 — v*) 


/3eNRR _ 
“—_ a * 


ce a 
while g becomes 


ie 3N(1 —y) f* _dz 


= = —=-. (41) 
maE Jo Vit f2*)(1 + 2) 


3. Along a Generator.—This case is not as easily 
derived as the above. 0, r = 0, the semi- 
major axis @ approaches infinity, and the normal 
load, N, also must approach infinity if the normal 
load per unit length of contact is to be finite. 


Thus, in equation (21): 


Le 39 1 
B=RtK): 
AR TR 
In equation (11), u is small compared with a’. 
a may then be taken outside the sign of integration 


As w = 


(42) 


i 4 : 
and an arbitrary constant, 3P, substituted for 


N oo oan 
—= . Thus, 
a 20 


1 1 
(z*- (at) 
0 Vie+ usu 2plki + ke) 


Integration then gives 


b= [Able + bs) 
Vik) 
Ri Re 
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Fic. 3. Semi-elliptical band of stress between two cylin- 


ders under pressure. (Timoshenko [5}.) 


The distribution of pressure over the surface now 
becomes a semi-ellipse (Figure 3) and equation (28) 
reduces to 


2? es 


Seles 
o, = = vb? — x’. 
rh ” 


(45) 


The maximum value, g, is again at the origin 


and becomes 
a Ber a 
ae ee lot) 
ett rb V (ky + ko) 


Thus, it may be seen that p is the normal load 
per unit length of contact. The distance of ap- 
proach, g, becomes logarithmically infinite in the 
general equation (27). Thus, it depends upon the 
shape of the body as a whole and not just upon the 
place of contact. As such, it cannot be determined 
from the above relationships. 

4. Identical Cylinders in Contact Along a Gen- 
erator.—This is again a case of particular interest in 
which R, = R, = Rand k; = ko = k. Then 


(46) 


Eapiere ieee 
wy wR 


- Next: 

5. Cylinder in Contact with an Incompresstble 
Plane.—lf a cylinder is in contact with a plane 
composed of material such that &; of the cylinder 


is very much larger than ke of the plane (k: > k:), 
the relationships reduce to 


b = mek (49) 
wE 
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and 


iy ar 5 
cach rR(1 — v’)’ (50) 


or expressions which are identical with those ob- 
tained for two identical cylinders in contact along 
a generator, as given in equations (47) and (48). 
Inasmuch as the cylinders deform by like amounts, 
all points of contact must lie in the plane z = 0, as 
simulated by the contact of a single cylinder and 
an incompressible plane. 


Experimental Procedure and Results 


With the use of the apparatus that is described 
in Part, I, a filament of fully drawn nylon with 
a radius of 12.64 was placed over the lower end 
of the microscope tube and bent over the glass 
rod at that point. The glass rod has a radius of 
2,485 uw and is shown diagrammatically in Figure 4. 
Under standard testing conditions of 70°F and 
65% R.H., the specimen was subjected to a succes- 
sion of normal loads in the apparatus described. 
A slow rate of load was used, although it was not 
possible to define it quantitatively because it was 
done by hand. Each impression at each different 
load was obtained in approximately 30 sec.—from 
the time the fiber first touched the smoked cover- 
glass, through the point at which the triple-beam 
balance point reached the balance, to the time the 
fiber was removed from contact with the cover glass. 
An interval of approximately 5 min. elapsed between 
readings made with successive values of load. 

Care was taken to ensure that the fiber was not 
subjected to any handling prior to its being placed 
in the apparatus and that it was fastened to the 
microscope tube with a very light tension. No 
mechanical preconditioning was attempted because 


N 


Fic. 4. Experimental apparatus arranged with fiber, 
F, of radius Riz bent across glass rod, G, of radius Ru; 
the fiber acts with normal force, N, on the smoked cover- 
glass, C, resting on platform scale, P. 
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it was felt that the secondary creep in the fully 
drawn nylon was of a magnitude which was well 
below the relatively large deformations to which 
the fiber would be subjected. The 30-sec. time 
interval was arbitrary and was certainly not suff- 
cient to allow the primary creep to become relatively 
stabilized. This was considered to be desirable 
because of the vibrations present in the vicinity of 
the test equipment. Longer intervals produced 
fuzzy patterns because of these vibrations. How- 
ever, the 5-min. rest between impressions gave the 
fiber a sufficiently long time to allow a major pro- 
portion of the primary creep to recover. 

The geometrical conditions chosen for test—that 
of a curved cylinder in contact with an incom- 
pressible plane—is identical with the condition 
which would be met if two such identical cylinders 
of the same curvature were in contact at an angle 
of zero between their axes (w = 0). This has been 
shown in the above cases and can easily be proved 
for this special case of identically curved cylinders. 
For this reason, it is not necessary to actually bring 
two fibers into contact in the investigation of con- 
tact area. 

Figure 4 shows the relationships of the various 
components during the course of obtaining an 
impression. In the general case of contact of 
curved solids, as given in equation (18), Ra and 
Rx are infinite and w = 0: 


1 1 
2(A + B) = R, 2 Ra (S1) 


$14 ho (ze vt Re) (52) 


Thus, from equation (19), 


1 x) 
ela (x: Rw/ — Re — Ru 
cos tT = ————~ : 


( 1 + 1 a Rw + Ru’ 


(53) 


Ru Ry» 


Since Ry = 2485 wand Ry» = 12.64, cos r = 0.9896 
and +r = 8.26°. By curvilinear interpolation in 
Table 1, m = 7.69 and n = 0.293. 

Alfrey [1] has stated that deformation processes 
in visco-elastic materials may be considered to occur 
at constant volume, and, thus, have a Poisson ratio 
of 0.5. However, as has been stated, there is no 
single value of Young’s modulus, EZ, which applies 
over the range of large deformations which may be 
expected in this class of materials. 
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Then, for the filament, 


eit 1-025. 3 
sean. aioe’ 5 





(S54) 


where EF; represents a variable Young’s modulus, 
dependent upon N. 

The glass surface may be considered to be infi- 
nitely rigid relative to the filament because of its 
high Young’s modulus. Thus, £,> E, and ky < ky, 
so that from equations (25) and (26): 


= miP( Bae )(2") 
V8 Ru + Rye Ey 


a nvlo( Eufe_ )( ie | ; (56) 
V8 Ru + Rv/\ Ai 

On the assumption that the value of £; is sub- 
stantially constant for a given range of values of N, 
measurements of a and 6 experimentally should 
conform with equations (55) and (56). For the 
specific filament investigated, the equations would 
then reduce to 


log a (1.269 — 4 log E,;) + 3 log N; (57) 


log b = — (0.150 + 4 log E;) + log N, (58) 


or linear log-log relationships between a, 6, and N. 
Under this assumption, also, it would be expected 
that the stress distribution over the area of contact 
would be given by the semi-ellipsoid 


SN [, -#_ ¥ 


c= - —--—=-s. 
rab a b 


(59) 
If the material is to meet the above conditions, 
it must show a linear relationship between a, b, and 
N expressed logarithmically, with a slope of 3. It 
must further be capable of giving independent but 
identical estimates of the quantity /). 
Experiments with the material described pro- 
duced the relationships given in Figure 5, indicating 
that the condition of log-log linearity is apparently 
met in the region from 2- to 100-g. applied normal 
load, N. Fitting these data with a least-square, 
linear log-log equation gives the relationships 


log a = 1.591 + 0.405 log N; (60) 
log b = 0.259 + 0.491 log N. (61) 


Eliminating log a from equations (57) and (60), 
combining, and solving for -; gives 


N ~0.215 


BE, = S55 (62) 
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Performing the same operations for log 6 in equa- 
tions (58) and (61) gives 

: N-0.473 

Ey = 16.86 ° (63) 
Neither of the above estimates are constants, nor 
are they identical. 

Consider now the fact that R;,; > Ry. and that in 
the region of the origin of axes the load per unit 
length along the a-axis may be considered to be a 
constant. Thus, the condition approaches that of 
a cylinder in contact with a plane and 


PRA —¥) 


rk 


b= 1 ’ (64) 
where ~ is the load per unit length along the a-axis 
and may be approximated from the expression for 
the maximum pressure at the origin of axes: 


| SS 
asi 2nab’ 


3N 
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% 


-axes in Microns 


Log Semi 


% / 2 


Log Nin grams 
Fic. 5. Log-log linear relationship between the normal 


load, N, and the semi-axes of the area of contact, 
a and b. 
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and 


ee ma % =H =f ) . 5.75( 7): (67) 
r ak, ak, 


Taking the log of both sides of equation (67), sub- 
stituting the value of log a from equation (60) and 
the value of log 6 from equation (61), and solving 
for F, gives 

N -0 .386 


Ey = 9740 ° 


(68) 

A comparison of the values of £; for each of the 
above derivations obtained with the experimental 
values of N is given in Table II. As the value of 
FE, as calculated from the above, is in units of 
grams per square micron when the value of the 
normal load is in grams, this may be converted to 
the more conventional grams per denier by multi- 
plying by 72. This assumes the value 1.54 as the 
density of nylon. 


Discussion 


The above results indicate that there is a log-log 
linear relationship between the applied normal load 
and the semi-axes of the elliptical area of contact. 
This is in qualitative agreement with the Hertzian 
theory, despite the fact that the assumptions made 
in its derivation could not be considered to be 
rigorously correct for this class of materials. This 
indicates, then, that the relationships between the 
semi-axes and the normal load are comparatively 
simple functions of the materials in contact, as a 
first assumption. 

Quantitatively, if the modulus of elasticity of the 
materials is Hookean, the results should agree 
closely with the theory. It was found that the 
slopes of the log-log relationships for the semi-major 
and semi-minor axes were, respectively, 0.405 and 
0.491. These may be compared with the value 
0.333 expected from the theory. The value ob- 
tained for the semi-major axis agrees with the 
theoretical value to a much greater extent than 
that for the semi-minor axis. 

On closer examination of the Hertzian derivation, 
it may be seen that the assumption of a Hookean 
modulus of elasticity was not necessary since 
throughout the. expressions the modulus of elas- 
ticity appears as a ratio with the applied normal 
load. Therefore, if there is a functional relation- 
ship between the modulus of elasticity and the 
applied normal load, or, better, the compression of 
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TABLE II. Retationsaip BETWEEN YouNG’s Mopu tus, 
E,, AND THE Norma Loap, N, As DETERMINED 
FROM THEORY AND EXPERIMENT 

E, (g./den.) 
Semi-major axis Semi-minor axis 


Equation Equation 
(63) 


2 & 


Equation 
(68) 


a 


5 
10 
20 
50 

100 


coor ee N 
own 


un 


a differential volume, the slope of the log-log rela- 
tionship will be altered, but not its linearity. 
Assuming, then, that the experimentally derived 
relationships and the theoretical ones are in agree- 
ment, they may be combined in order to evaluate 
the relationship between the modulus of elasticity 
and the applied normal load for the given geomet- 
rical situation. The modulus of elasticity so deter- 
mined is, then, an over-all one, representative only 
of the particular set of mechanical parameters 
employed. 


For this reason, it is not surprising 
that the independent relationships obtained from 
the semi-minor and semi-major axes are significantly 


different from each other. 

This difference may be ascribed to several factors. 
The first of these has to do with the method of 
obtaining the transcendental factors, m and n, from 
Table I. The geometrical relationships between 
the fiber and the glass rod over which it was bent 
result in an auxiliary angle, 7, which is less than 
10 degrees, thus requiring interpolation in the 
region between 0 and 10 degrees. This region is 
one of rapidly changing slope, and, therefore, is 
subject to possible errors in interpolation. In the 
case of the semi-major axis, the error is small in 
comparison with that for the semi-minor axis. 
Thus, the results obtained for the semi-major axis 
may be considered, based on this one factor, to be 
more reliable. 

The second, and probably more important, factor 
is based on the relationships among the mechanical 
parameters employed in the experimental equip- 
ment. The solid glass rod over which the filaments 
were bent has a radius which is very large relative 
to the radius of the filaments. As a result, the 
patterns obtained give values of semi-major axis 
which are many times greater than the semi-minor 
axis. In this respect, the semi-minor axis begins 
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to approach the condition represented by a straight 
cylinder in contact with a plane under the action 
of a constant load per unit length of the fiber over 
the length of contact. A comparison between this 
condition and that given by the more exact rela- 
tionship which requires an interpolation of the 
transcendental factor, as shown in Table I, indicates 
that there is close agreement between the two rela- 
tionships. This shows that the interpolation error 
referred to above is evidently small and that the 
relationships between the modulus of elasticity and 
the applied normal load obtained in each case are 
equally valid. 

These relationships, obtained independently from 
the semi-major and semi-minor axes, may be ex- 
pected to be different on physical grounds. The 
semi-major axis is many times greater than the 
semi-minor axis, and its value depends upon defor- 
mations occurring axially along the filament. There 
is, then, a very gradual change in these deforma- 
tions from the axis of stress symmetry to the point 
where the filament first touches the plane surface. 
In the case of the semi-minor axis, this deformation 
changes rapidly from the symmetry center to the 
edge of the pattern. These deformations, then, 
contain a higher proportion of large deformations. 
It would be expected that this would be reflected 
in the modulus of elasticity-normal load relation- 
Table II shows how the modulus of elas- 
ticity changes over the range of normal loads 
employed. 

The values of modulus of elasticity obtained by 
use of the semi-minor axis are considerably smaller 
than those for the semi-major axis because they 
represent a larger proportion of contribution by 
points of large deformation. Since there is a de- 
crease of modulus as the normal load is increased, 
such a difference between the axes might, then, be 
expected. It was also observed in the course of 
the experimental work that above 50 g., the semi- 
minor axis was not recoverable, whereas the semi- 
major axis was partially recoverable. This explains 
not only why the values of modulus are lower for 
the same load than are those for the semi-major 
axis but also why they decrease at a greater rate. 
The permanent deformations in the semi-minor- 


ship. 
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axis direction represent a condition of compressive 
failure with a modulus of elasticity approaching 
zero. 

This departure from the Hertzian assumptions 
means that the expression for the distribution of 
stress over the area of contact cannot be considered 
to be exactly semi-ellipsoidal. The area of contact, 
however, was observed to be nearly elliptical. 
Thus, the distribution of pressure, as a first approxi- 
mation, may be considered to be given by the 
Hertzian relationships. These relationships may 
now be used in the development of a unified physical 
theory of interfiber stress transmission. 


Summary 


1. A method has been described for measuring 
the contact area between a filament and a curved 
surface under the action of an applied normal load. 

2. For a given set of geometrical conditions, the 
Hertz relationships for the contact area of curved 
isotropic elastic solids may be employed to obtain 
the relationship between the over-all modulus of 
elasticity and the applied normal load for visco- 
elastic filaments in contact with curved surfaces. 

3. As the dimensional nature of the contact area 
between a filament and a curved surface is in 
accordance with the Hertz relationships, it may be 
concluded that the distribution of stress over the 
contact area is semi-ellipsoidal, as a first approxi- 
mation. 
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Abstract 


Apparatus and techniques for measuring the dynamic properties of single fibers in the frequency 


range 1-100 cycles/sec. at 70° F and 65% R.H. are described. 


For the viscose rayon, acetate 


rayon, nylon, feather keratin, silk, and polyethylene fibers studied, it was found that the quantities 
nw and E were approximately independent of frequency in this range, where is the internal 


friction, w the radian frequency, and E the dynamic modulus. 


Measured values of the energy 


dissipated per cycle were found to be proportional to the square of the amplitude, in accordance 
with the prediction of the simple differential equation of vibration assumed (viscous damping 


and Hookean elastic reaction). 
the results are given. 


Stress relaxation data were obtained with the same fibers and 
Theoretical interpretation of the results is given in another paper [19]. 





Increasinc ATTENTION is being given to 
investigation of the mechanical properties of high 
polymers, reflecting a growing realization of the 
scientific and industrial importance of this field. 
Among the large number of contributions in this 
zone of study must be included the work on creep 
by Leaderman [12], on the stress-strain properties 
of wool and other fibers by Harris and coworkers 
[11] and by Speakman [17] and Meredith [14], 
on the application of absolute reaction rate theory 
by Eyring and by later workers of Textile Research 
Institute Laboratories [4, 7], on the elucidation of 
structure by stress relaxation by Tobolsky and 
coworkers [1,18], on high-frequency vibrational 
properties by Nolle [15], Ferry [2, 16], and Guth 
[20], on low-frequency vibrational properties by 


* This article is based on a thesis submitted by Basil A. 
Dunell in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy at Princeton University. 

+ Research Fellow of Textile Research Institute. Present 
address: Department of Chemistry, University of British 
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Dillon et al. [5, 6], Gehman et al. [9], and Lyons 
[13], and over a wide range of frequencies by 
Ballou and Smith [3]. Hamburger [10] and his 
associates have employed sonic techniques in con- 
junction with stress-strain tests at normal speed to 
study the mechanical properties of filaments and 
yarns. The present paper deals with the measure- 
ment of the dynamic modulus of single textile 
filaments in forced longitudinal vibration of low 
frequency, and with the energy losses which accom- 
pany these vibrations. Tobolsky, Dunell, and 
Andrews have given an interpretation of these 
measurements [19]. 

Such measurements of dynamic modulus and of 
energy losses involve a diversity of techniques the 
applicability of which depends upon the sample size 
and nature of the material to be investigated and 
upon the frequency region in which the investigation 
is to be made. Ferry, Sawyer, and Ashworth [8] 
have published an excellent review on this subject 
in which they point out that experimental methods 
may be divided into two major divisions: (1) those 
methods applicable to samples in which the inertial 
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forces acting on the material itself can be neglected; 
and (2) those methods applicable to samples in 
which the inertial forces acting on the material 
itself must be taken into account. The technique 
used in the investigations described in this paper 
belongs to the first category, and involves making 
measurements on the material at a condition of 
mechanical resonance. Methods of this general 
type are discussed in a review by Dillon and 
Gehman [5]. 
Apparatus 

The apparatus which has been used in this inves- 
tigation is similar to that of Lyons and Prettyman 
[13], both pieces of apparatus being patterned after 
the Firestone resonance vibrator for rubber samples 
in shear constructed by Dillon, Prettyman, and 
Hall [6]. It is a forced vibrator for oscillating 
single high-polymer filaments longitudinally. A 
schematic diagram of the oscillator is shown in 
Figure 1 and a more detailed diagram of two of its 
components in Figure 2. Referring to Figure 2, 
the driving mechanism consists of a solenoid of fine 
(No. 39 B & S gage) Formex magnet wire, A, 
wound on a paper core, B, which is cemented to a 
disc, C, and spindle, D, machined from a piece of 
magnesium alloy, the solenoid coil lying in a radial 
magnetic field which traverses the annular space, E. 
The coil has effectively three windings with about 
200, 15, and 2 turns per winding. This allows a 
wide variation in the energy input to the vibrating 
system. The unit is suspended by fine nylon fila- 
F, which permit free motion in an axial 
direction and which can be adjusted to center and 
orient the coil in the magnetic field. The whole 
vibrator unit weighs some 2.5 g. The coil is 
supplied with alternating current from a variable- 
frequency Hewlett-Packard low-range oscillator 
through leads of the same fine wire that forms the 
winding, coiled into small helical springs to allow 
free motion of the vibrator unit. The permanent 
magnetic field is maintained by the two magnets, 
M, of Figure 2, two similar poles, S, facing one 


ments, 
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Fic. 1. Schematic diagram of the 


filament vibrator. 


DNA. 


Fic. 2. Detail of magnet and vibrator unit. 
another on one side of the radial gap, EZ, and the 
steel cylinder, N, forming the opposite pole on the 
other side of the gap. The filaments, G, which are 
to be tested are fixed to the vibrator unit and are 
kept in tension by the load, Z (see Figure 1). They 
may be clamped at any point along their length by 
means of the movable clamps, P. 

The amplitude of vibration of the vibrator unit 
is determined by means of a cathetometer which 
reads to 0.0001 cm. the apparent increase during 
vibration in the length of the recessed portion, Q 
(Figure 2), on the shaft of the vibrator unit. The 
current which the Hewlett-Packard oscillator sup- 
plies to the solenoid is indicated by a Weston 
thermo-milliammeter. The mass of the vibrating 
system may be increased by loading the shaft of the 
vibrator unit. with small brass weights made for 
the purpose. As much as 90 g. can be added to 
the mass of the system in this manner. 

This ocillator differs from others chiefly in that 
the vibrating part is very light so that the machine 
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can be used for very fine single filaments up to 
resonant frequencies considerably higher than those 
attainable with other similar devices. It is also 
possible to obtain very low frequencies for fine 
filaments with this apparatus. 


Theory of Forced Vibration in Relation to the 
Experimental Method 


The behavior of a material in forced vibration 
may be described at any one frequency by a single 
Voigt unit (spring and dashpot in parallel) the 
parameters of which are E and n, and whose equa- 
tion of motion for forced vibration under a har- 
monic applied force F = Fiax COs wt is 

@x , 2A dx 


af fae Be 


+ ia Ex = Fax cos wt, (1) 


where x is the displacement of the vibrator unit, 
t is the time, M the mass vibrating, w the radian 
frequency, A the cross-sectional area of the fiber, 
and / the length of each of the two fibers. 

Now, this equation holds only if no frictional 
resistance or elastic reaction is offered by the 
mechanical parts of the vibrator itself. But since 
the leads and supports and air friction offer some 
dissipative resistance, R,dx/dt, and since the spring 
part of the leads and the pendulum action of the 
oscillator unit (its path of motion is not exactly in 
a straight line along the axis of the filaments, but, 
rather, it rises above the original plane of the fila- 
ments at either end of its oscillation) provide an 
elastic reaction, P\x, equation (1) may be rewritten 
in more realistic form as 

d*x dx 


M ae +R di + Px = 


Frax COS wt, (2) 
where 
2A 


and 


2 E+ P,. (4) 


iw 
The assumption made here that the dissipative 
resistance due to the machine is proportional to the 
velocity of the moving member is very difficult to 
verify. Further, M is the effective mass of the 
oscillating system, and / is the vibrating length, or 
clamped length, of each of the two filaments in the 
oscillator. The factor 2 in the second and third 
terms of equation (1) takes into account the fact 
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that there are two filaments of length /, one on each 
side of the vibrator unit. The use of the term 
“effective mass” indicates that since all vibrating 
parts do not have the same acceleration, d*x/d@*, 
the mass M is not equal to the sum of the masses of 
the vibrator unit, the coil leads, supporting threads, 
and specimen. The chief contribution to M is the 
mass of the vibrator unit, and the method of deter- 
mining M is described later (p. 397). If equation 
(2) is to be valid for any material over a range of 
frequencies, E and » must be considered as param- 
eters which are functions of w. Since, however, the 
variables of equation (2) are ¢ and x, the solution 
of equation (2) does not depend upon whether the 
parameters E and » are frequency-dependent, and 
the steady-state solution is given by 


x = a’ cos wt + 8’ sin wt, 
where 
Finax(Mw* — P) 
~ (Ma® — P)? + Ree? 
and 
g' ain pa __FmaxRw _ str (7) 
(Mou? — P)? + R*w? 
That the displacement is known to be simple har- 
monic from observations made with a cathode-ray 
oscilloscope* serves as a verification of the validity 
of the formulation of equations (1) and (2). 
Differentiation of equation (5) with respect to 
time and use of equations (6) and (7) show that the 
displacement amplitude is 


Xmax = Fiaxl (Mw? 43 Py} + Ry? }-. (8) 


Now, in most of these investigations the condition 
of mechanical resonance—that is, the condition in 
which (Xmax/Fmax) is a maximum—was found by 
adjusting the frequency at given sample length and 
mass of the system until the condition (Xmax/Fmax) 
= maximum was satisfied. The amplitude to im- 
pressed force ratio at resonance is determined 
analytically for such a case by differentiating equa- 
tion (8) with respect to w. Such an operation 
requires that one consider the dependence of P and 
R upon frequency. The work of Dillon et al. [6] 
suggested at the outset that nw be put equal to a 
constant, and, hence, R; being negligible, that Rw 
be put equal to a constant. Similarly, P is set 
equal to a constant since previous work [6] indi- 
cates that E is largely independent of w. With 


* T. F. Evans, unpublished results. 
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these assumptions, one finds that the resonance 
condition 

0 | Xmax 

coe fee Te O 

Ow [ Fax 


Mo* = P; 


is satisfied if 


and this, in turn, gives, from equation (8), 


at | 
Rw ° 


Xmax > 


That is, the parameters E and 7 are given by 


oe 


l E+ P; = Mo 


(9) 


2A 
R= oF ach, + Ri = (Fsax/Xmna0) rs 


(10) 
assuming that nw = constant and E # E(w), the 
subscript r indicating the resonance condition. 
Determination of E and 7 for all the fibers studied, 
using equations (9) and (10), showed nw = constant 
and E = constant and supported the validity of 
the assumptions. 

Resonance may also be achieved by variation of 
the mass of the system. If mass-tuning is used, 
the resonancé condition 


O | tmx | _ 
sl a | 54 
is satisfied unequivocally by the condition 


Mw = P; 
from which 
R= (Pinan) Sinaatte. 


Some mass-tuning experiments which were per- 
formed indicate that the values of the parameters 
E and 7 so obtained are the same as those obtained 
by the frequency-tuning method. 

The immediate interpretation of the experiments 
may be approached in a somewhat different fashion 
by considering the energy dissipated during vibra- 
tion. The energy dissipated per cycle of vibration is 


W. => f ee cos wt dx. 
wt) 


(11) 
Substituting from equation (2) gives 


2 2 Qe 2e 
OF 4, +R os 4 + Pf xdx, 
wt=( 


wi=d dt? et=0 dt 


W. = M 
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and in these integrals d*x/dt?, dx/dt, x, and dx are 
replaced by functions of wt, using equations (5), (6), 
and (7). As should be expected, the first and third 
integrals vanish since inertial and purely elastic 
forces are conservative and make no contribution 
to work done over a closed cycle. Hence 


W. = WRwx* max; 


(12) 


which indicates that the energy dissipated per cycle 
is independent of frequency if Rwis constant. This 
proposition can be directly verified experimentally; 
thus, consider equation (11) again. The force 
F = Fymax COs wt exerted by the solenoid is directly 
proportional to the current supplied to the coil: 


F = 0.1 BIL, 


where B is the magnetic flux density in the air gap, 
I is the current in amperes, and L is the length of 
wire in the coil. Since the oscillator supplies a 
sinusoidal output, J = Imax COS wt and 


F = 0.1 BL Imax COS wt; 


and since the displacement is known to be simple 
harmonic and out of phase with the current, J, the 
work done per cycle is 


W. = 0.1 BLImax Xmax Sin 6. 


Cathode-ray-oscilloscope studies by Evans* show 
that 6 approaches a value 2/2 very closely at reso- 
nance. Hence, since all measurements are made 
at resonance, W, « (Imax Xmax)y—that is, work done 
per cycle is independent of frequency since, for 
given amplitude of vibration, Jmax is found experi- 
mentally to be independent of frequency. A plot 
of (Imax%max)r against Xmax further shows that 
W. « x*max, Which was predicted by equation (12). 


Calibration and Determination of Mass 
of the Vibrator Unit 


The solenoid, or vibrator unit, that was con- 
structed was calibrated so that the force it exerts 
can be determined from the current supplied to it. 
The whole apparatus was set up with its axis ver- 
tical, and the vibrator unit was suspended in the 
magnetic field from a linear spring of accurately 
known modulus. The vibrator and spring were 
then loaded with a succession of analytical balance 
weights, and after each weight was added the 


*T. F. Evans, unpublished results. See also Robertson 
and Yorgiadis, J. Applied Mechanics 13, A173 (1946). 
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vibrator unit was brought back to approximately 
its original unloaded position by passing a direct 
current through the solenoid coil in the appropriate 
direction. 

The effective mass of the system may be deter- 
mined from vibrational data if the solenoid has 
been calibrated. In equation (8), Rw is negligible 
compared to Mw? — P for values of w which are not 
too close to w;. Hence, a plot of + (Finax/Xmax) 
against w* for any material being tested yields a 
curve which deviates from a straight line only near 
resonance, the slope of the straight-line portion 
being M, the effective mass of the oscillating sys- 
tem. This method of calculating M was used 
throughout the work. 


Evaluation of Correction Terms 


The elastic reaction of the coiled leads is negli- 
gible compared to the effect of the pendulum action 
of the vibrator unit. Let h be the vertical length 
of the suspension which holds the vibrator unit. 
Then a small displacement x of the unit is accom- 
panied by a rise x*/h in the height of the unit and 
a restoring force Mgx/h acting in the same direction 
as the elastic reaction of the sample filaments. 
Then P; = Mg/h (see equations (2) and (4)). 

R, has been evaluated for the vibrator unit alone 
and for the vibrator loaded with extra masses, but 
with no filaments attached to it; and both forced- 
vibration and 
used. 


free-vibration methods have been 
In the case of the forced-vibration method, 
the resonant frequency was found and the values 
of the current to the solenoid and the resonant 
amplitude observed in just the same manner as 
though a specimen had been in the machine. For 
the case of free vibrations, the period of free vibra- 
tion and the decrease in amplitude of vibration 
during any m successive complete vibrations were 
determined and the damping factor calculated by 
use of the equation 


Mw In 


nn 


R, = 


— (Xmax)M _ 
(Xmax)™ + n 


which is obtained by examining the solution of the 
equation of motion of the freely vibrating system 
(equation (2) with Fiuusx = O). Rather poor pre- 
cision was attainable in the evaluation of Ri, and 
several determinations of R,; were made during 
the course of the work. An attempt was made 
to determine whether R; is frequency-dependent. 
esults were inconclusive, h owever, and the assump- 
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tion has been made, for purposes of calculating , 
that R; is independent of frequency. The approxi- 
mate magnitude of R; used as a correction factor 
is 3 dyne-sec.-cm.~. 


Experimental Conditions and Results 


Preliminary experimental determinations of the 
dynamic properties of single textile filaments showed 
a marked increase in dynamic modulus with time 
and a decrease in the energy loss for a filament as 
it creeps under a dead load. For example, the 
modulus, £, increased by about 5% and the energy- 
loss factor nw decreased by about 5% of its initially 
obtained value during one cycle of logarithmic time. 
In order to compare rigorously the dynamic prop- 
erties of one type of fiber with another, the dynamic 
properties should be measured at a time after the 
application of tension to the filament such that 
comparable points on the creep curves for the fibers 
concerned are reached. Points for comparison on 
the creep curves of fibers were not found, however, 
and the experimental procedure adopted was to 
allow the filament to creep in position in the 
vibrator for 16 hrs. before dynamic measurements 
were made. After 16 hrs., the change in dynamic 
parameters with time was found to be sufficiently 
small so as to be insignificant during the time re- 
quired to complete the experiments to be done on 
the fiber. 

The tensioning load used was in all cases except 
that of feather keratin 0.5 g. per 10-® cm.* cross- 
sectional area. For feather keratin, a tensioning 
load of 0.25 g. per 10-® cm.” was used. All experi- 
ments were performed in a conditioned room main- 
tained at 70° F and 65% R.H. In all experiments 
investigating the variation of parameters with 
frequency, the strain amplitude at resonance was 
approximately 0.002. 

The dynamic parameters of single filaments of 
the following materials were obtained: nylon, vis- 
cose and acetate rayons, raw and degummed silk, 
chicken-feather keratin, and polyethylene. To ob- 
tain dynamic parameters over the frequency range 
of approximately 1.5 to 100 cycles per sec., 2.5-den. 
and 30-den. viscose rayon, 3.75- and 25-den. acetate 
rayon, and 3.0- and 30-den. nylon filaments were 
used. 

The experimentally obtained values of dynamic 
modulus are plotted against frequency, v (= w/2r), 
in Figures 3 to 6; and the experimental values of 
the parameter 7 are plotted against frequency in 
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logarithmic coordinates in Figures 7 to 11. Dupli- 
cate experiments for any one kind of fiber are 
indicated each by its own symbol. Significant 
differences between duplicate experiments may be 
attributed in part to differences in cross-sectional 
area of the various samples, and in part to the 
general fiber-to-fiber variation which is always 
encountered in both physical and chemical work 
with textile materials, especially with natural fibers. 
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Fic. 9. 9 vs. v for raw and degummed silk. 
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For all the materials except polyethylene, the 
dynamic modulus was observed to be essentially 
constant with frequency. The modulus of poly- 
ethylene increased linearly with logarithmic fre- 
quency, in the frequency range observed, with a 
slope of 8.2 X 10* dynes/cm.?. In the plots of 
log » against log v, the relationship nw = constant 
is plotted as a line of slope —1 passing among the 
experimental points. In general, the points for any 
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one sample of a material are best fitted by a line 
of slope a little less than that for nw = constant. 
That is, the product nw increases slightly with fre- 
Radical 


departures from linearity of two or three experi- 


quency in most cases for any one filament. 


mental points obtained at short sample lengths, and 
hence at the higher frequencies obtainable with the 
sample concerned, are not considered to be very 
significant since this behavior has been observed 
for very small diameter fibers at frequencies which 
are low compared with those attainable with heavier 
filaments of the same material. The data plotted 
in Figures 3 to 11 are summarized briefly in Table I. 
It has been shown that at resonance 


W. = 0.1 ) .) aon Xmax- 


TABLE I. 


Dynamic 
modulus, E 
(dynes/cm.*) 


Viscose rayon 10.6 X 10%” 
Acetate rayon 5.1 

Nylon 5.8 
Feather keratin 4.4 

Raw silk 16.8 
Degummed silk 13.5 
Polyethylene 0.68t 


Material 


Energy-loss 


(dynes/cm.*) 
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Although B and LZ are not known, they are con- 
stants, and hence the product Jxmax is proportional 
to the work dissipated per cycle, W., or is equal to 


the work dissipated expressed in arbitrary units. 
W. has been calculated directly from experimental 
data in this manner; and the results, plotted in 
Figures 12 to 14, show that at constant frequency 


W. a a 


This result supports the validity of the linear differ- 
ential equation of motion (equation (1)) which was 
assumed for the system since the result W, < x? max 
at constant v (equation (12)) was predicted from 
equation (1). 

These results are discussed in terms of a spectrum 
of relaxation times corresponding to an infinite 
parallel array of Maxwell units and are correlated 
with stress relaxation data in a paper by Tobolsky, 
Dunell, and Andrews [19]. Stress relaxation data 
were obtained during this investigation for the 
types of 
measured. 


fiber whose dynamic properties were 

It was supposed that the stress relaxa- 
tion curve would depend upon the elongation at 
which the stress relaxation took place and upon the 
rate at which this elongation was attained. Hence, 
three experiments were done on each type of fiber. 
In the first experiment the filament was stretched 
to 5% elongation in 15 sec. and the stress relaxation 
recorded and plotted from that point as zero time. 
In the second experiment the filament was stretched 
to 0.5% elongation in 15 sec. and the stress relaxa- 
tion recorded and plotted from that origin. In the 
third experiment the filament was stretched to a 
5% elongation in 25 min. and the stress relaxation 
started from that time origin. This experiment 
was intended to simulate, as closely as the Instron 


SUMMARY OF EXPERIMENTAL Dynamic Data OBTAINED FOR CERTAIN FIBERS 


Slope of log 
vs. log v 
curve 
—0.9 
—0.87 
—0.9 
3.8 —0.9 
9.6 —0.97 
11 —1.1 
2:3 —0.9 


Energy-loss 
cycle/unit vol.* 
(ergs/cm.?) 
12 xX 10 


3.8 
9.6 


factor, nv 


7.6 X 108 
2.4 


2.4 


* Energy loss per cycle per unit volume is calculated for a strain amplitude émax = 0.002 from the relation 


W. 
V 
t At a frequency of 10 cycles/sec. 


- 
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testing machine would allow, the precreeping 
treatment of the vibrational experiments followed 
by determination of dynamic properties. Feather- 
keratin filaments were extended to 2% elongation 
since they break below 5% elongation at the rapid 
rate of elongation involved. All these experiments 
were performed at 70° F and 65% R.H. 

The results of these stress relaxation experiments 
are plotted in Figures 15 to 19 as stress/strain 
against logarithmic time. The stress relaxation 
data used for predicting the energy-loss factor nw 
in the paper of Tobolsky, Dunell, and Andrews 
[19] are those obtained from the experiments 
involving slow extension to 5% elongation followed 
by relaxation. 
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Stress Relaxation and Dynamic Properties 
of Polymers * 


A. V. Tobolsky,+ B. A. Dunell,{t and R. D. Andrews** 


Contribution of Princeton University and Textile Research Institute, 
Princeton, New Jersey 


Abstract 


The mechanical behavior of an idealized linear polymer is discussed in terms of the Maxwell 
relaxation theory. When a simple rectangular distribution of relaxation times is assumed, it is 
shown that the dynamic properties can be related to those deduced from stress relaxation data by 
the equation: 

wE° 
2 log, 10’ 


@ONdyn = 


where nayn is the dynamically measured internal friction or viscosity, w the radian frequency, 
and E? the negative slope of the relaxation curve plotted as reduced stress vs. logy) time. Appli- 
cation of this equation to values of wnays and stress relaxation data on rubbers obtained by Dillon, 
Prettyman, and Hall [5] and data on textile fibers by Dunell and Dillon [6] is made. Better 
than order-of-magnitude agreement was obtained between dynamically measured values of wnayn 
and those calculated by the above equation for the series of rubber stocks and fibers considered. 
The theory presented has interesting implications in regard to the structures of the various 
polymers studied, most of which would not a@ priori be considered linear in the sense of the 
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idealized model. The relationships deduced from the “box” distribution are extended to other 


broad distributions of relaxation times. 


Stress Relaxation and General Elasto- 
viscous Behavior 


The simplest type of elastoviscous behavior was 
postulated by Maxwell to obey the equation 


ds_i1df, 1 
di Edit ver (1) 


where s is a component of strain (e.g., simple tensile 
strain), f is a component of stress (e.g., tensile 
stress), E is the elastic modulus, and 7 is the so- 
called relaxation time of the system. 

A mechanical model which behaves in the manner 
defined by equation (1) is a spring and dashpot 
connected in series, if the elastic constant of the 
spring is taken as E and the damping constant or 

* This article is based on a thesis submitted by Basil A. 
Dunell in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy at Princeton University. 

t Department of Chemistry, Princeton University, and staff 
member of Textile Research Institute. Present address: 
Polytechnic Institute of Brooklyn. 

t Research Fellow of Textile Research Institute. Present 


address: University of British Columbia, Vancouver, Canada. 
** Platics Laboratory, Princeton University. 


viscosity of the dashpot is taken as rE. This 
mechanical system is known as the Maxwell model. 
If a substance which obeys equation (1) is rapidly 
extended to a fixed strain s, and maintained at that 
strain, the stress will decay according to the law 


(2) 


Certain substances exist whose relaxation behavior 
approximates equation (2)—e.g., Hevea gum vul- 


-canizate [16] and polysulfide rubbers [12] at 


high temperatures, where the elastoviscous behavior 
is controlled by chemical reactions. In relaxation 
curves obeying this equation, the decay of stress 
occurs almost completely within two cycles of loga- 
rithmic time. When this relaxation function is 
plotted against logarithmic time as abscissa, a 
change in the value of the relaxation time, 7, merely 
shifts the relaxation curve horizontally along the 
logarithmic time axis. 

The decay of stress in polyisobutylenes main- 
tained at constant extension and temperature does 
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Fic. 1. Stress relaxation of polyisobutylenes with varying 


viscosity average molecular weights, My. 


not obey equation (2) [1, 2, 4]. 
decay extends over many cycles of logarithmic time. 


Rather, the stress 


This may be seen from relaxation curves for poly- 
mers of different viscosity average molecular weights 
at the same temperature (30° C), plotted in terms 


of f in Figure 1 (limiting Hooke’s-law modulus for 


Yo 


small strains) against logarithmic time. In the 
case of vulcanized rubbers in an intermediate tem- 
perature range (which for most rubbers is around 
room temperature) the relaxation curve is also fairly 
linear when plotted against logarithmic time. At 
higher temperatures the initial portion of the re- 
laxation curve plotted against logarithmic time is 
still linear, but the long-time end of the curve 
approaches the form of a Maxwell decay curve. 
This is shown in Figure 2 for the case of a GR-S 
tread stock. 

To describe relaxation curves which are spread 
out over several cycles of logarithmic time, an 
extension of the Maxwell theory is required, involv- 
ing the consideration of a distribution of relaxation 
times. The mechanical model corresponding to 
this generalized Maxwell theory consists of a series 
of Maxwell elements connected in parallel, as shown 


- pYnes /SQ.cM. «1077? 
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Fic. 2. Stress relaxation of GR-S tread stock (ordinates 
expressed as “‘reduced stress’’—stress at any instant divided 
by initial stress calculated from kinetic theory of elasticity). 


in Figure 3. The mathematical formulation of this 


theory is 


3 ae 
a E(r) dt tE(t) f(r), (3) 


f= fo sear: E = [ Boa. 


This symbolizes a continuous set of differential 
equations each of which describes the behavior of 
the component Maxwell element having a particular 
relaxation time, r. The function E(r) is a distri- 
bution function, usually called the ‘distribution of 
relaxation times.’’ (7) dr specifies the contribu- 
tion to the total “‘instantaneous’”’ tensile modulus, 
E, of the system from Maxwell elements having 
relaxation times between + and r+ dr. E is the 
modulus of the system as a whole for an “‘instan- 
taneous” deformation (where no relaxation takes 
place), and is equal to the sum of the moduli of the 
individual springs of the component Maxwell ele- 
ments. The function f(r) represents the amount of 
the total applied stress, f, which is acting on the 
element with relaxation time r, and s is the observed 
deformation of the system. The solution of equa- 
tion (3) depends on the knowledge of the distribution 
function E(r). Ifa substance obeying equation (3) 
is rapidly extended to a fixed strain s,, and main- 


Fic. 3. Generalized Maxwell model. 
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tained at that constant strain, the decay of the 
stress, f, with time will be given by 


f() = se f E(r)e-"!"dr. (4) 


If we are dealing with a system whose largest 
relaxation time, tm, is finite, the stress in a 
sample maintained at constant extension will ap- 
proach zero asymptotically as time increases beyond 
the value of the largest relaxation time. Similarly, 
if there exists a minimum relaxation time, 7, the 
stress at constant strain s, will approach the value 
Es, for values of time less than 7;._ If such a system 
is subjected to a constant stress f,, there will be an 
instantaneous elastic deformation f,/E, followed 
by a progressive increase in deformation which 
eventually slows down to a constant rate. The 
final steady-state rate of tensile strain which is 
attained will be 


(%).- iff” rE(1)'dr. 


For the case of a shearing strain, this relation 


would be 
ds\ _ =. A) 
(a). &/f ™™ dr, 


where the modulus distribution function, E(r), is 
divided by 3 to convert from tensile to shear modu- 
lus.* According to these equations, the steady- 
state rate of deformation, or flow, is proportional 
to the applied stress, as is the case for a so-called 
“Newtonian fluid’; and by comparison with New- 
ton’s equation for viscosity, 


(Sa) 


(56) 


ds 


it is seen that the observed tensile flow viscosity, 
fit, Of this generalized Maxwell system having a 
maximum relaxation time will be 


iit - tE(r) dr, 
vl 


and the observed shear viscosity, 4, will be 
m E(r) : 
i= + tT dr = 3. 
Tl 


* This assumes the substance to be isotropic and to have a 
Poisson's ratio of 0.5—i.e., there is no change in volume on 
stretching. 


(7a) 


(7b) 
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The steady-state flow viscosity is, therefore, the 
sum of the viscosities of the individual dashpots of 
all the component Maxwellelements. This relation 
has also been derived by Kuhn, Kiinzle, and Preiss- 
mann [8]. The general expression for the viscosity 
in terms of the relaxation function itself rather than 
the associated distribution of relaxation times has 
been given recently by Sips [11]. 

The generalized Maxwell equations expressed by 
equation (3) and a knowledge of E(r) are sufficient 
to describe the most general type of linear elasto- 
viscous behavior (see references [8, 10, 11] for 
complete definition). With these equations it is 
theoretically possible to describe the results of all 
mechanical experiments such as creep under con- 
stant stress, forced and free vibration studies, etc. 
[8,10,11]. The function E(r) may, in principle, 
be determined from relaxation-of-stress measure- 
ments by an inversion of the integral in equation (4). 

As an alternative to relaxation experiments, elas- 
toviscous behavior may be characterized by means 
of creep measurements, in which the increase of 
deformation with time is observed for a sample 
under constant stress. However, although the 
steady-state flow and the instantaneous elastic de- 
formation of the creep curve are given directly by 
the generalized Maxwell model which describes the 
relaxation of stress behavior, the “retarded elastic’”’ 
portion of the creep curve can be described in terms 
of this model only with difficulty. It is most 
conveniently described in terms of a generalized 
Voigt model, consisting of a set of Voigt elements 
(a spring and dashpot in parallel) connected in 
series. This model is characterized by a distribu- 
tion function for elastic compliance J(r’), where 
r’ is the retardation time of a component Voigt 
The distribution functions J(r’) and 
E(r) are formally equivalent methods for specifying 
elastoviscous behavior, but the mathematical trans- 
formations necessary to convert one into the other 
are very complex. Even when the distribution 
function E(r) is known, an exact calculation of the 
entire creep curve is often precluded because of 
mathematical difficulties. 

The results of vibration experiments, on the other 
hand, can be conveniently described in terms of the 
distribution function E(r) by a simple quadrature. 
The results of such experiments [5] may be ex- 
pressed in terms of a dynamic modulus, Eayn, and 
a dynamic viscosity, nayn, both of which are func- 


element. 





tions of the radian frequency, w. The values of 
these quantities in terms of E(r) are given by the 
following expressions [15]: 


w*r*E(r) 
1 + w’?7? 


wtE(r) | 
= fi + w*r? o 


The distribution of relaxation times, E(r), may be 
calculated from vibration data by use of equation 
(8) or equation (9). In this way the form of E(r) 
may be determined in the range of very short times 
(small values of r) where measurements of relaxation 
of stress cannot easily be made. The prediction 
of dynamic modulus and dynamic viscosity from 
relaxation data, by use of the distribution function 
E(r) which is described in the following section, has 
been discussed elsewhere by Dunell and Tobolsky 
[7]. A similar treatment of the relation between 
creep and dynamic properties has been given by 
Kuhn et al. [8, 10]. 

It has been suggested [1] in connection with 
earlier relaxation studies that relaxation curves for 
polyisobutylenes (at least, the latter part of the 
relaxation curves) may be approximated by a ‘‘box 
distribution”’ of relaxation times—that is, a distri- 
bution which has the form of a rectangle when 
plotted against logarithmic time. This distribution 
function was previously used by Becker [3] to 
describe the time relaxation of magnetization, and 
an essentially identical function was used by Kuhn, 
Kiinzle, and Preissmann [8] in relating creep and 
dynamic properties. Denoting the upper and lower 
limits of the distribution as r,, and 7, the distribu- 
tion function E’(log r) will be 


E’ (log r) = 2.303E,, 
E’ (log r) = 0, 


Eayn(w) = 


wNayn(w) 


(11 << t < Tm) 


(r < 71, tT > Tm) (10) 


where E, is aconstant. (Throughout this paper log 
denotes logarithms to the base 10, and In, the 
natural logarithms.) Expressing the distribution 
function in terms of 7 itself, 


E(r) =, 


E(r) = 0, 


(11) 


(11 << Tt < Tm) 
(7 <1, tT > Tu). 


The relaxation of stress function corresponding 
to this distribution function is 


f = E.[ Ei(— t ‘t1) a. Ei( —f ‘tm) J; (12) 


o 


th. ,E'(\L0c T) — ARBITRARY UNITS 


L0G, t,t 


Stress relaxation and distribution function for a 
high polymer, with logarithmic time scale. 


where — Ei(— x) isa tabulated exponential integral 
function [13]. In equation (12) the relaxation 
function is expressed in units of limiting Hooke’s- 
law modulus for small strains (f is stress in dynes/ 
sq.cm., s is fractional elongation = (/ — /,)/l., 
where / and /, are the stretched and unstretched 
lengths of the sample, and the subscript zero on s 
indicates that the strain of the sample is maintained 
constant throughout the experiment). If log 7: and 
log rm differ by a number of cycles of logarithmic 
time, the central portion of the relaxation curve 
will be a straight line when stress or modulus is 
plotted on a linear ordinate scale against logarithmic 
time as abscissa. Figure 4 shows a relaxation curve 
of this type, where the distribution of relaxation 
times extends over five cycles of logarithmic time. 
The straight line defined by the central region of 
the relaxation curve is extrapolated by dashed lines 
in the figure. The slope E? of this straight-line sec- 
tion is — 2.303E,, which is numerically equal to the 
height of the rectangular ‘‘box”’ representing the 
distribution function E’(log r). This relation can 
easily be seen from the series expansion of the 
exponential integral function [13]. The three con- 
stants, 71, tm, and E,, which completely specify 
the distribution of relaxation times, and therefore 
the associated relaxation curve, may be directly 
and conveniently evaluated from this characteristic 
straight line. The negative slope divided by 2.303 
is E,, and 7 and rt, are proportional, by a factor 
1.781, to the time values at the intersection points 
of this line with the maximum stress and zero stress 
axes, respectively. If the time values corresponding 
to these two intercept points (which are indicated 
as A and B in the figure) are designated as (tint): 
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and (tint)m, respectively, this may be written as 


Tl Tm 


= 1.781. 
(tint)i (tint) m 


(13) 


If the box distribution of relaxation times is valid, 
the dynamic modulus and the dynamic viscosity 
are given by the equations 

E., 1+ w'*t.* 


Ea. = In —> » 
me 2 T+ wre 


1 


wnayn = E,[tan— wrm — tan wr: j. (15) 

It should be noted that if we have an additional 
spring E, in parallel with the box distribution of 
Maxwell units, equation (14) is modified by the 
addition of E,, but equation (15) is unaffected. 
This is of importance in extending the theoretical 
results discussed below from systems such as poly- 
isobutylene which relax to zero stress to cross- 
linked or crystalline systems which relax to a finite 
stress value. 

Plots of Eayn and wnayn vs. log (1/w) are shown in 
Figure 5. If tm >> 71, the plot of Eayn vs. log (1/w) 
has a portion lying between w values of 1/7, and 
1/7 which approximates a straight line. The slope 
of this straight line is — 2.303 E., as is the slope 
of the relaxation curve plotted against log ¢ in the 
same region. The straight-line region of the dy- 
namic modulus curve when extrapolated (as shown 
in Figure 4 for the stress relaxation curve) intercepts 
the maximum and minimum modulus axes at 7: 
and rT», respectively. 

The plot of wnayn vs. log (1/w) assumes a nearly 
constant value between w values of 1/7, and 1/7. 
The value of this constant is (7/2) F.. 

On the basis of the properties of the box distri- 


ARBITRARY UNITS 


Fic. 5. Stress relaxation, distribution function, dy- 


namic modulus, and internal friction on logarithmic time 


scale. 
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bution, we may deduce certain general relations 
between relaxation, dynamic modulus, and dynamic 
viscosity which should apply in an approximate 
way even for systems which do not correspond 
exactly to a box distribution of relaxation times, or 
which approximate a box distribution of relaxation 
times only over a limited time region. 
as follows: 


These are 


1. If the stress relaxation curve plotted in the 


form = vs. log ¢ is approximately linear over a wide 
[ \ 


range of logarithmic time, the height of the distri- 
bution function £’(log r) at any time value in this 
range is equal to the negative slope of the relaxation 
curve. 

2. If the dynamic modulus plotted in the form of 
Eayn vs. log (1/w) is approximately linear over a wide 
range of logarithmic frequency, the height of the 
distribution function E’(log 7), at any value of + 
corresponding to a value of 1/w in this range, is 
equal to the negative slope of the dynamic modulus 
curve. 

3. If the value of wnayn is nearly constant over 
a wide range of angular frequency, the height of the 
distribution function £’ (log r) at a value of + corre- 
sponding to a value of 1/w in this range is equal to 
(4.606/2) (wnayn). 

4. If the slope of the relaxation curve plotted 
against log ¢, or the slope of the dynamic modulus 
plotted against log (1/w), is approximately constant 
over a wide range of logarithmic time (or 1/w), the 
value of wnayn should be related to the negative 
slope of the relaxation or dynamic modulus curves 
by the equation 


WNdyn (negative slope). (16) 


= T 
~ 4.606 


Application to Experimental Data 


Kuhn, Kiinzle, and Preissmann [8 ] have already 
shown the application of the box distribution func- 
tion in relating creep and dynamic properties of 
polymers. Their computations are necessarily com- 
plicated because it is difficult to calculate creep in 
terms of the generalized Maxwell model. Never- 
theless, these authors were able to show that if a 
creep curve for a given polymer were given by the 
equation 

_a+lnt 


b : (17) 
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TABLE I. Comparison oF OBSERVED VALUES OF wy AND VALUES PREDICTED FROM STRESS RELAXATION 


Stock Temp. 


(°C) 
Hevea gum 40 
100 


Hevea tread 40 
100 


GR-S gum 40 

100 
GR-S tread 40 
Butaprene NM gum 


Butaprene NM tread 


Neoprene GN gum 


Neoprene GN tread 


Data FOR SOME RUBBERS 


Calculated 
Re @ 

3 4.606 
(dynes/cm.?*) (dynes/cm.*) 


0.11 X 106 0.026 X 10° 
0.20 0.045 


on = 


Ee 


0.48 , 


0.55 


0.11 
0.11 


1.1 
0.40 


0.17 
0.25 


0.42 
0.40 


0.33 
0.33 


0.82 
0.86 


Observed WNobs 
ed @Neale 


9 


(dynes/cm.*) 


0.24 & 10° 
0.13 


TABLE II. Comparison oF OBSERVED VALUES OF wy AND VALUES PREDICTED FROM STRESS RELAXATION 


Material exp't. 


Nylon: 5% rapid* 
0.5% rapid 
5% slowt 
Acetate: % rapid 
% rapid 
( slow 


5 
0.5 
5 


( 


Viscose: 5% rapid 
0.5% rapid 


© slow 


Raw silk: 5% rapid 
0.5% rapid 
5% slow 
Keratin: 2% rapid 
0.5% rapid 

2% slow 

5% rapid 
0.5% rapid 

5° slow 


Polyethylene: 


5 sec. required to extend. 
min. required to extend. 


Data FOR SOME Fiprous MATERIALS 


Calculated 
— Slope nga al 
Eo 4.606 
(dynes/cm.?) (dynes/cm.?) 
1.96 * 10° 1.3 * 10° 


1.4 
0.76 


Observed 
wn 


(dynes/cm.*) 


3.8 X 10° 


tea oi Tonle 


02. care Saag 
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then the value of wnayn is 


ab 


2a? * (18) 


@Ndyn = 

Dunell and Tobolsky [7] applied equation (16) 
to relate stress relaxation data and data on the 
dynamic properties of polymers. 

Experimental values for wnayn for natural rubber 
and various synthetic rubbers are available in the 
literature [5, 9]. 
nearly constant in the range of frequencies over 
which they could be measured—namely, 20-200 
cycles per sec. 


The values of wnayn were very 


Stress relaxation measurements 
were also made on these same rubbers, in a time 
range extending from 10 sec. to several hrs. [16]. 
The initial regions of the stress relaxation curves 
plotted against log ¢ were generally nearly linear. 
The initial slopes of the stress relaxation curves 
were measured and a theoretical value of wnayn 
calculated by use of equation (16). An example of 
the method used in calculating slopes is shown in 
Figure 2 where the slopes from which dynamic 
viscosity was calculated are indicated by dashed 
lines. The data obtained in this way for several 
rubbers are shown in Table I. Similar results for 
several fibrous materials studied by Dunell and 
Dillon [6] are given in Table II. In general, the 
values of wnayn calculated from the stress relaxation 
data by means of equation (16) are lower than the 
observed values, although an order-of-magnitude 
agreement is obtained. It should be emphasized 
that the time scales of the dynamic data and stress 
relaxation data do not overlap. Better agreement 
between calculated and observed values would be 
anticipated if the relaxation data could be extended 
back for two cycles of logarithmic time and the 
slope of the relaxation curve could be measured in 
the same time region where the vibration measure- 


TABLE III. 
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© Gdyn - SHEAR VIBRATION DATA 


— 4% ~ COMPOSITE RELAXATION CURVE 
. 


SHEAR MODULUS - DYNES /SQ.cM. #1078 


-$ “4 -3 -2 
' 
logig t, log, a - Hours 


Fic. 6. Relation between dynamic modulus and stress 
relaxation for polyisobutylene. 


ments are made. Finally, in order to convert the 
data on stress relaxation of the vulcanized rubbers 
which were obtained at high deformations to units 
of stress per unit strain, the kinetic theory of elas- 
ticity had to be used, which also represents an 
approximation. 

To illustrate how stress relaxation and dynamic 
data may be combined to give a broad picture of 
the viscoelastic spectrum of polymers, stress relaxa- 
tion data on polyisobutylene of Andrews, Holmes, 
and Tobolsky [2] and dynamic measurements of 
Marvin, Fitzgerald, and Ferry [9] are shown in 
Figure 6. The stress relaxation data at 30° C have 
been extended back for several decades of log time 
by superposition of data obtained at lower tempera- 
tures [14]. On the same graph are plotted the 
dynamic modulus data obtained at 30°C. The 
agreement between extrapolated stress relaxation 
data and dynamic modulus data is rather good. 

Finally, in Table III is shown a comparison of 
wnayn predicted from creep data [17] on several 
rubbers by use of equation (18) with the observed 
experimental value of wn. In these cases, too, the 
observed values are of the same order of magnitude, 
but are larger than the experimental values. 


COMPARISON OF OBSERVED VALUES OF wy AND VALUES PREDICTED BY 


KuHN’s THEORY FOR SOME RUBBERS 


Stock 


Hevea gum 

Hevea tread 

GR-S gum 

GR-S tread 
Neoprene GN gum 
Neoprene GN tread 


4.93 & 108 
2.38 

1.24 

1.15 

0.326 

1.49 


Calculated WNobs 


wn = rb/2a? Observed wn 


(dynes/cm.?) (dynes/cm.?*) 


0.35 & 10° 1.8 « 10° 
9.2 18 
ae 6.3 

47 

7.7 

29 


WNeale 


—eWwwnun 
r=4 


aocown 
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Abstract 


Althought the microscopy of the well-known textile fibers flax, hemp, and ramie is familiar 
to many people and the spiral structure of their cell-wall layers is mentioned in many text- 
books, the study of the original literature on this point disclosed many contradictory data. 
However, there cannot exist essential differences between the samples studied by the different 
authors, since there are no conflicting data on the direction of twist shown by the fibers on 
wetting or drying, nor on the optical behavior when studied with a polarization microscope. 

A reinvestigation revealed that in flax there are not two, but three, layers with different 
spiral structure. Since usually either the outer or the inner one is very difficult to discern, 
previous authors described two of them, either the two outer or the two inner ones. In ramie 
and in hemp fibers the spiral structure of two outer layers is identical with those of flax, 
although the slope of the spirals and the thickness of the layers, of course, differ. If here, 
too, a third, innermost layer with different spiral structure could be found, the conflicting data 


in the literature would be understandable. 





Introduction 


Striations in bast fibers were seen first by Mirbel 
in 1835. Naegeli described in 1886 the existence of 
two spiral directions in these striations in the same 
cell wall. Mostly, the two sets of striations were 
located in different layers, but sometimes they were 
found in one layer. Dippel in 1879, and later many 
others (Correns [2]), denied the occurrence of two 
sets of striations in one layer—they are always lo- 
cated in different layers. 

According to Sonntag [12] the outermost layer of 
the secondary wall of flax and hemp fibers has an S- 
spiral fibrillar structure, and the inner layer a Z-spi- 
ralled one.* Later, however [13], he described an 
outer Z-spiral and an inner S-spiral in hemp fibers, 
although the reverse was said to occur sometimes. 

Reimers [10] described an outer S-spiral and an 


* Throughout this paper the terminology is used which 
has become the accepted practice in American textile tech- 
nology. A spiral is designated as an S-spiral if the part 
nearest to the observer spirals upward to the left, parallel 
to the middle part of the letter S. 


Its mirror image is a 
Z-spiral. 


inner Z-spiral in flax and ramie fibers (see rectifica- 
tion on p. 420 of his publication). In hemp an outer 
Z-spiral and an inner S-spiral was found. Later [11], 
ramie was mentioned to have an S-spiral both in the 
outer and the inner layers. 

Nodder [9] found an outer S-spiral and an in- 
ner Z-spiral in flax, whereas in ramie only an S-spiral 
was seen, and in hemp only a Z-spiral. 

Herzog [5] described an easily visible S-spiral in 
flax and a hardly visible, inner Z-spiral. Thick 
fibers from the stem base were the most suitable ones 
to show this. In hemp an outer Z-spiral and an in- 
ner S-spiral was seen. He stated that judging irom 
the optical behavior between crossed Nicol prisms 
with a “1st-order red” compensator plate inserted be- 
low the object, the outer layers were optically pre- 
dominant in both fibers. In a position parallel to the 
vibration plane of the polarizer, flax showed addition 
colors, and hemp subtraction colors. 

Anderson [1] succeeded in isolating several la- 
mellas of the secondary wall of flax, and stated that 
the spiral direction alternated in consecutive layers. 
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Kundu and Preston [7] studied swollen and un- 
swollen fibers of hemp. In unswollen fibers steep 
spiral striations were seen, mostly in Z-spirals, but 
also in S-spirals. They emphasized the well-known 
influence of swelling and compression on the slope 
of the spirals, and doubted the validity of observa- 
tions on spiral structures done with swollen fibers. 
A photomicrograph of transverse sections of hemp 
seen between crossed Nicols was published. Double 
refraction is shown by the outer and occasionally by 
the inner layer, but the thick, midle part of the wall 
is isotre ypic. 

Hock [6] could not confirm the alternating spiral 
structures in flax, as described by Anderson, but 
found in flax and ramie a thin, outer layer with Z- 
spiral structure, and an S-spiral structure in the rest 
of the wall. In hemp fibers he saw a similar outer 
layer with Z-spiral structure and an axial structure 
underneath. A good photomicrograph was given of 
both spirals in a swollen flax fiber. He stated er- 
roneously that this confirmed the observations of 
Reimers [10]. Probably, he did not notice Reimers’ 
rectification. 

The following table summarizes the observations 
of the authors mentioned : 


Ramie 
Outer Inner 


Hemp 
Outer Inner 


Flax 


Author Outer Inner 


Sonntag [12] 

Sonntag [13] 

Reimers [10] 

Reimers [11] 

Nodder [9] 

Herzog [5] : c 
Anderson [1] Alternating 
Hock [6] 7 Z Axial 

It is possible that these conflicting observations are 
due to the fact that the structures of different sam- 
ples were really different. This, however, seems im- 
probable, because there are no conflicting data of 
different authors on the direction of torsion shown 
by these fibers on wetting or drying. The same con- 
clusion may be deduced from the fact that the optical 
behavior in orthogonal positions, as described by 
Herzog [5], is mentioned in literature as a means of 
distinguishing between flax and hemp. 

We therefore decided to reinvestigate optically and 
microscopically the spiral structure of flax, hemp, and 
ramie fibers, hoping to find an explanation for the 
contradictory data. 


Results 
Optical Behavior 


Several samples of flax, hemp, and ramie fibers 
were studied between crossed Nicol prisms with a 
“1st-order red” compensator plate inserted above the 
object and with the fibers parallel to the vibration 
plane of the polarizer. In case the fibers alone ex- 
hibit polarization colors of the first order, those of flax 
and ramie will always show subtraction colors under 
the conditions and in the position mentioned, whereas 
hemp fibers will always show addition colors. Tak- 
ing into consideration that Herzog [5] inserted the 
compensator below the object,* our findings are in 
agreement with his. So there cannot exist essential 
differences in the spiral structures of the fibers in 
his samples and in ours. 

As stated before, Herzog came to the conclusion 
that in flax fibers the S-spiralled layer in the wall is 
the one which predominates optically, whereas in 
hemp this must be a Z-spiralled one. This may be 
concluded from the results obtained by Naegeli and 
Schwendener ([8], p. 332 et seq.) when they stud- 
ied the phenomena shown in analogous conditions by 
a pair of superposed birefringent plates that were 
orientated in such a way that the vibration axes in the 
two plates enclosed a small angle. We repeated and 
confirmed their observations, using two strips of 
anisotropic cellophane instead of two crystal plates. 
One assumption had to be made in arriving at con- 
clusions about the predominating spiral structure in 
fibers—viz., that the upper and the lower wall each 
act as one plate or cellophane strip. In case the dif- 
ferent layers in the wall are thin, this assumption is 
permitted (Frey-Wyssling [3]). 

However, we observed that not all fibers act as a 
pair of birefringent objects. As Naegeli and Schwen- 
dener showed, a pair of plates superposed, for in- 
stance, in S-fashion,} will show a subtraction color 
in a position parallel to the vibration plane of the 
polarizer provided that the polarization color of the 
pair is of the first order and provided the compensator 
plate is located above the pair. But if its polarization 
color is of the second order, the subtraction color 
will be seen perpendicular to the described position. 
On the other hand, thick fibers with a polarization 


*This is not stated explicitly in Herzog’s publication, 
but in that of Heermann and Herzog ([4], p. 94 and 153). 

+ Vibration axis in lower plate from left bottom to right 
top and in upper plate from right bottom to left top. 
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color of the second order as a rule will show sub- 
traction or addition colors in the same position as 
thinner fibers of the same kind having a polarization 
color of the first order. There are exceptions to this 
rule in flax, ramie, and in hemp fibers as well, which 
therefore do act like a pair of plates. 

We cannot explain these facts. With thick fibers 
the assumption that one cell wall acts as one plate 
probably is not true, the layers constituting the cell 
wall perhaps being so thick that one wall should be 
considered as representing two or more plates. 


Microscopical Studies on Swollen Fibers 


We used retted fibers of flax, hemp, and ramie ob- 
tained either from commercial samples or by retting 
stems at 35°C in a cylindrical vessel for several days. 
We also used ramie fibers in the degummed condition 
and as present in China grass. We tried most swell- 
ing media used by the aforementioned authors—viz., 
10% NaOH, 62% H,SO, (s.g. 1.52), 82% H,PO, 
(s.g. 1.654), IKI followed by 50%-60% H.SO,, 
saturated CaCl, with iodine, saturated ZnCl,, boiling 
acetic acid, and diluted cuprammonium. We pre- 
ferred using cuprammonium that was diluted with 
concentrated ammonia to such an extent that the 
fibers did not dissolve, but swelled 3-8 times their 
original diameter. The refractive indexes of the other 
media except acetic acid are too high, and they re- 
duce the contrast of the faint striations to be studied. 
The slope of the spiral structures we saw is dis- 
regarded. Due to contraction of the fibers, they will 
always be flattened considerably. 

Flax.—In nearly all fibers from two commercial 
samples of retted flax and from bleached flax, a con- 
spicuous S-spiral structure could be seen. In favor- 
able cases, moreover, a faint Z-spiral structure could 
be noted in the outermost thin layer. Figure 1 is a 
photomicrograph of the upper wall of a fiber in which 
the outer Z-spiral could be seen exceptionally well. 
This layer is always so thin that the S-spiral structure 
underneath appears to be in focus at the same time. 
The presence of the outer Z-spiral structure is also 
demonstrated by the direction of the balloonlike thick- 
enings which occasionally can be found and which are 
very well known in swollen cotton fibers. These bal- 
loonlike thickenings appear to be directed in a Z-spiral 
fashion because they are due to the Z-spiral constric- 
tions from the outermost layer. Whether this outer 
layer represents the primary cell wall or the outer 
layer of the secondary cell wall cannot be decided 


Fic. 1. Flax fiber, showing a thin outer layer with 
Z-spiral structure and S-spiral structure underneath. 
yet.* Of course, transverse markings usually were 
present, being remnants of dislocations. 


We did not succeed in obtaining separate lamellas 
of the wall, as described by Anderson [1]. 

Thus far our observations fully corroborated those 
of Hock [6], although we noticed that inside the 
S-spiralled layer there still was a part of the cell wall 
the structure of which remained obscure. 


However, when we repeated the observations, us- 
ing fibers from stems that had been retted in our 
laboratory, we very clearly saw in nearly all fibers 
a conspicuous Z-spiral structure inside the S-spiralled 
one seen in the other samples. Figure 2 depicts this. 
This confirms the descriptions of all the other au- 
thors except Hock. 

With difficulty and rarely the outermost Z-spiralled 
thin layer seen in the other samples could be found 
now. Figure 3 shows on the left such a faint Z- 
spiralled striation with the common S-spiral under- 


*If this layer represents the primary cell wall, it might be 
composed of two differently oriented submicroscopical layers, 
as was discovered recently by the author in an electron micro- 
scopical study of growing cell walls in staminal hairs of 
Tradescantia, in fungal hyphae, and in young cotton hairs 
(see, respectively, Protoplasma, 40, No. 1 (1951) ; Biochim. 
Biophys. Acta 6, 357 (1951); and ibid. 7, 43 (1951). 
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Fic. 2. Flax fiber photographed 
while focussing on the surface (left) 
and below the surface (right). A 
Z-spiral structure is. visible beneath 
the conspicuous S-spirals. 


Fic. 3. Flax fiber photographed while 
focussing on the surface (left) and below 
the surface (right). Three layers are vis- 
ible with, respectively, Z-, S- and Z-spiral 
Structures. 


neath, and on the right the inner Z-spiral on the same 
spot. 


Thus, the contradictory observations of previous 
authors can now be understood. 


There are three 
layers differing in spiral structure: an outer, thin, 
Z-spiralled layer; then a thick S-spiralled layer ; and 
an inner layer of considerable thickness with Z-spiral 
structure. There seem to exist two kinds of samples : 
those in which only the two outer layers can be dis- 
cerned practically and those in which only the two 
inner ones can be seen easily. The alternative as- 
sumption is that there exist three kinds of flax with 
real differences in structure. This is very unlikely. 

Apparently, the middle layer determines the optical 
properties and also the direction of twist when the 
fibers are moistened. 


Ramie.—In fibers from a degummed sample and 
also from China grass and from stems retted in the 
laboratory, we always found an S-spiral structure ex- 
tending from the surface to a considerable depth. 
Only in exceptional cases, occurring in the labora- 
tory-retted fibers, could we discern a faint, outer, 
Z-spiralled striation. This is demonstrated in Fig- 
ure 4. Figure 5 shows that in heavily swollen fibers 
the outer layer is usually split and crumpled up into 
bands. Apparently, these are weak and do not con- 
strict the swollen fibers, as in hemp. 

Thus, our observations confirm those of Hock, and, 
in a way, also those of Nodder [9] and Reimers [11]. 
However, our experience with flax has taught us not 


to deny the possibility that in special samples an in- 


DOI meh PSM lil GN See a ag 





Fic. 5. Heavily swollen ramie fiber, showing the crum- 


pling up of the outer Z-spiralled layer into bands. 


nermost Z-spiral structure might be found, as de- 
scribed by Sonntag [12] and Reimers [10]. 
Obviously, it is the S-spiralled thick layer which 
determines the optical properties and the direction of 
twist on wetting or drying. 
Hemp.—In retted, unbleached fibers from a com- 


mercial sample we only saw Z-spiral striations oc- 
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Fic. 4. Ramie fiber photographed 
while focussing on the surface (left) and 
below the surface (right). There is a 
faint Z-spiral striation on top of the con- 
spicuous, steep, S-spiral structure. 


Fic.6. Hemp fiber, showing an outer 


Z-spiral structure only. 


curring in the outermost layer, which seemed to be 
thicker than the corresponding Z-spiralled outer layer 
in flax and ramie. This is depicted in Figure 6. Be- 
neath this layer the direction of the fibrils, as a rule, 
was invisible, but in some cases it decidedly was S- 
spiralled. In fibers from stems retted in our labora- 
tory, we always found a very conspicuous S-spiralled 
structure lying beneath the Z-spiralled outer one. 
The latter frequently split into bands, giving rise to 
the same spiralled balloonlike thickenings which were 
also found, although rarely, in flax. Figures 7 and 8 
show these striations. 

Inside this S-spiralled layer there remained a‘con- 
siderable part of the wall in which we could not see 





Fic. 7. Hemp fiber, showing an S-spiral structure 
in a layer the swelling of which is constricted in a Z- 
spiral fashion by bands formed in the outer (Z-spiralled ) 
layer. 


any striations. Probably, this part has ari axial struc- 
ture as described by Hock, but the observations of 
Reimers [10] and Sonntag [12] point to the possi- 


bility that in special samples an inner Z-structure may 


be found. Only twice did we see a Z-spiralled nar- 
row tube around the cell lumen; this is depicted in 
Figure 9. The occurrence of a central layer show- 
ing birefringence in transverse sections, as depicted 
by Kundu and Preston [7], is also not to be 
neglected. 

Thus, our observations confirm those of Herzog 
{5] and Sonntag [13], but we want to emphasize the 
possibility that the inner parts of the wall might 
be Z-spiralled, as mentioned by Reimers and seen 
twice by us. 

The optical properties seem to be determined by 


the outer (and perhaps inner) Z-spirals. As is well 


Fic. 8. Similar to Figure 7. 


Fic. 9. Portion of a heavily swollen hemp fiber with 
a narrow central part in which Z-spiral striation is 
visible. 


known, the twist on wetting or drying hemp fibers is 
small and rather variable. 


Danger of Spirals Arising from Twisting 


We have considered the possibility that a spiralled 
layer in a fiber may originate during swelling from 
an axial structure, due to a twist enforced upon the 
fiber by an originally spiralled layer—for instance, 
the outermost Z-spiralled layer. This possibility is 
demonstrated by the following model experiment 


described by Steenberg [14]. If a string is wound 





Fic. 10. Model experiment with the inner tube of a 
bicycle tire with a string wound around it in S-fashion. 
When air is pressed into tube, it twists in Z-spiral di- 
rection (right). 


in a flat S-spiral direction around the iner tube of a 
bicycle tire and subsequently air is blown into the 
tube, the tube will twist and acquire a Z-spiral struc- 
ture. Figure 10 demonstrates this. We are aware 
of the fact that this model is not wholly comparable 
with a swelling fiber, but in a mechanical sense the 
situation is analogous. 

Of course, the originally present spiralled layer need 
not be the outer one. For instance, it may be the 
middle S-spiralled layer of flax fibers which enforces 
a Z-spiral structure on the outer and on the inner 
layer, which supposedly had axial structures origi- 
nally. Or, on the contrary, the two Z-spiralled 
layers might have created the S-spiralled one. 

Obviously, such a twist can only occur in pieces 
of fiber which are not in contact with other pieces and 


therefore are free to move under the cover glass. 
It may also occur in free ends of fibers. 
these cases one may get a false impression. 


Thus, in 
How- 
ever, our observations (described above) refer to 
parts of fibers which obviously were not free to twist, 
being fixed by other fibers. They could only con- 
tract, together with the other fibers. Moreover, es- 
pecially hemp fibers which are free to move do not 


FLAX HEMP 


Fic. 11. Schematic representation of the spiral struc- 
tures in different layers of flax, ramie, and hemp. 


twist very much while contracting in cuprammonium, 
and, in fact, no difference in spiral structures could 
be seen between such fibers and fixed ones. 


Summary 


The data given in the literature on the spiral struc- 
tures in fibers of flax, hemp, and ramie do not agree. 
Therefore, these fibers were reinvestigated micro- 
The re- 
The demonstration 
of the presence in flax of three layers with different 
spiral structure, one of which is usually not visible, 
explains the contradicting results of previous authors. 


scopically after swelling in cuprammonium. 
sults are depicted in Figure 11. 
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Pore-Size Distribution in a Selected Series of 
Closely Woven Fabrics 


Edith Honold and Evald L. Skau 


Southern Regional Research Laboratory,* New Orleans, Louisiana 


In a previous publication [1], the mercury-intrusion 
method was presented as a means of determining the 
pore-size distribution in textile fabrics for the range 
of 20 to 0.2 » radius (approximately 5 to 500 p.s.i.a.7). 
In the present study, the use of an additional appara- 
tus, with a starting pressure of 4 p.s.i.a., has extended 
the radius range to 200. Results are here reported 
on a series of closely woven fabrics that were selected 
to eliminate a number of variables so that direct com- 
parison could be made to show the effect of fiber ma- 
turity, of weave closeness, and of fabric state on the 
total void volume and its distribution. 

The principles upon which the mercury-intrusion 
method is based, the derivation of the distribution- 
function equation, the general method of procedure, 
and the sources of error have been discussed in the 
literature [1, 2, 3]. The relationship between the 
radius, r, of a circular pore and the pressure, p, neces- 
sary to just force the mercury into the pore is ex- 
pressed [4] by the equation 


(1) 


p:r = — 2c cos 8, 


o« being the surface tension of mercury and @ the 
contact angle. Since the pores in the fabric are not 
all circular in cross section, the r values obtained by 
the use of equation (1) may be considered to be “ef- 
fective” radii. In other words, at any given pressure, 
the pores being filled, regardless of the configuration 
of their pore entrances, are expressed as the hypo- 
thetical circular pore which would admit mercury at 
the same pressure. 

The pressuring curve that is characteristic of the 
material shows the cumulative volume, 4V, of mer- 
cury penetrating the sample as the pressure is in- 
creased. The derived equation for the determination 
of D(r), the distribution function, which gives the 


* One of the laboratories of the Bureau of Agricultural 
and Industrial Chemistry, Agricultural Research Adminis- 
tration, U. S. Department of Agriculture. 

+ p.s.i.a. = Ibs. per sq. in. absolute. 


frequency of occurrence of the different-sized pores, 
is 

(AV) 
dp 
In this equation r is the effective radius of the pores 


‘ a d(AV) 
in equilibrium at pressure p, and —-_ 


of the pressuring curve at pressure ~, which slope 
is determined by graphical differentiation. 


(2) 


Dip) = 2.4 


is the slope 


Sources of Error 


The value of the contact angle has been assumed 
to be 140° [1,2]. Ifa higher value is assigned to the 
contact angle, the calculated effective radii will be 
higher and will cover a greater radius range, and vice 
versa. It is not likely that the contact angle will 
vary much within a series of fabrics in the same 
state—i.e., gray, scoured, or finished. This source of 
error could be significantly effective only in the com- 
parison of fabrics in different states. 

The compression factor introduced by the non- 
rigidity of the fabric system may be neglected, for 
practical purposes, in the interfiber regions. How- 
ever, in the lowest-pressure range, which apparently 
involves the filling of the surface depressions formed 
by the fabric weave, the compression factor may be- 
come significant; the network of slack fibers within 
these depressions may be compressed slightly before 
being penetrated by the mercury. 


Apparatus and Experimental Procedure 


Determinations were made on each fabric in three 
separate apparatuses which cover overlapping por- 
tions of the pressure range from 4 to 600 p.s.ia. The 
high-pressure apparatus (from atmospheric pressure 
to 600 p.s.ia.) is the platinum-resistance-wire dila- 
tometer of Ritter and Drake [2] with little modifica- 
tion [1]. The middle-range apparatus (from 6 to 
65 p.s.i.a.) is the brass- and steel-protected dilatom- 
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eter previously described in detail [1]. The low- 
pressure apparatus (from 4} p.s.i.a. to atmospheric 
pressure) is an all-glass dilatometer (Figure 1) ; it is 
essentially a U-shaped tube the upper right arm of 
which is expanded into a chamber fitted with a flat- 
ground plug and the left arm of which is a calibrated 
capillary tube connected to the vacuum system. Three 
wide-mesh stainless steel screens fit into the right 
chamber and hold two circular samples of the fabric 
in a flat, horizontal position. The whole system is 
evacuated with a diffusion pump for several hours. 
The mercury, introduced through a small stopcock 
at the bottom of the U-tube, rises in both arms of 
the tube and raises the screens and interposed sam- 
ples until the upper screen rests against the flat bot- 
tom of the chamber plug. The mercury finally sur- 
rounds and immerses the sample. 

The mercury-intrusion method permits the meas- 
urement of the filled mercury 
for each increment increase in pressure, regardless 
of the pressure at which the run is started. The pres- 


void volume with 


sure is increased stepwise ; simultaneous readings are 
made of the pressure and of the change in height of the 
mercury column, and the latter is converted to vol- 
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Fic. 1. Schematic diagram of low-pressure dilato- 
metric apparatus. A—Position of screens and sample 
circles during run. B—Calibrated capillary tube. 


ume of mercury entering within the boundaries of 
the sample. This drop in mercury height is deter- 
mined in the high-pressure equipment by the re- 
sistance changes as additional length of the dilatom- 
eter wire is exposed, and in the other apparatuses by 


visual means using a cathetometer. In the low-pres- 





Fabric Thread count 


Number State (warp X filling) 


Cotton of 85% 


114-G 
114-S 
114-F 


Gray 
Scoured 
Finished 


124 X 56 
56 


56 


116-G 
116-S 
116-F 


Gray 64 
Scoured 


Finished 


118-G 
118-S 
118-F 


Gray 
Scoured 
Finished 


Cotton 


124 X 56 
129 & 56 
130 K 56 


119-G 
119-S 
119-F 


Gray 
Scoured 
Finished 


Gray 
21-§ Scoured 
121-F Finished 


124 X 
130 
130 


64 
63 
63 


121-G 


123-G 
123-S 
123-F 


Gray 
Scoured 
Finished 


125 X 73 
130 XK 74 
130 X 71 


* Standard conditions. 
t Calculated from two previous columns, assuming 7% 


“TABLE I. Some PHysIcAL 


of 30% 


PROPERTIES OF THE FABRICS 


Void spacet 
(ce. /g.) 
(dry) 


Thickness 


(mm.) 


Weight* 
(oz./sq. yd.) 
maturity count 
9.26 
9.02 
9.37 


0.467 
0.437 
0.434 


0.439 
0.432 
0.432 


10.16 
10.24 
10.20 


0.434 
0.417 
0.417 


maturity count 
8.76 
8.39 
8.49 


0.434 
0.396 
0.394 


9.29 
8.95 
9.00 


0.455 
0.409 
0.396 
9.79 0.422 
0.389 
0.386 


9.52 


% moisture regain at standard conditions. 
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sure runs, the readings are corrected from data estab- 
lished by blank runs with only the 3 screens in posi- 
tion. Since the pressure ranges in the three appa- 
ratuses have considerable overlap, the results from 
the three separate procedures can be combined into a 
smooth, continuous pressuring curve. 

Various secondary plots were made from these 
pressuring data to depict graphically the relationships 
between the fabrics. 


Description of Samples 


In connection with the Laboratory project on self- 
sealing, water-resistant cloth, several Oxford-weave 
cotton fabrics had been prepared in order to study 
their various physical properties. From this group, 
18 fabrics were selected as being particularly suitable 
for the study of porosity with a limited number of 
variables. All from 30/2 
yarns with the same number of twists per inch. 
Nine were composed of cotton of 85% maturity 
count and nine of cotton of 30% maturity count. All 
the fabrics were woven with 124 warp threads to the 
inch but with three different pickages (56, 64, and 


18 fabrics were woven 


TABLE II. PercentaGe oF TotaL THEORETICAL VOID 


FILLED WITHIN THE EXPERIMENTAL RANGE 


Experimental total 

void filled with Theoretical 
mercury (from 200 void filled 
to 0.24 pore radius) experimentally 
(%) 


Theoretical 
total void 
(average) 


Fabric 
number- 
state (cc. /g.) (cc./g.) 


Cotton of 85% maturity count 
114-G 0.933 0.919 + 0.020 99 
114-S 0.840 0.788 + 0.028 94 
114-F 0.777 0.743 + 0.025 


116-G 
116-S 
116-F 


0.758 
0.748 
0.702 


0.760 + 0.017 
0.692 + 0.011 
0.649 + 0.018 


118-G 
118-S 
118-F 


0.689 
0.617 
0.599 


0.630 + 0.013 
0.610 + 0.021 
0.574 + 0.015 


HH oH oH 


Cotton of 30% maturity count 
0.879 0.900 + 0.013 
0.817 0.776 + 0.014 
0.797 0.762 + 0.008 


0.870 
0.771 
0.713 


0.767 + 0.027 88 
0.682 + 0.014 88 
0.731 + 0.013 


0.686 
0.587 
0.601 


0.662 + 0.009 97 
0.563 + 0.028 96 
0.603 + 0.010 100 + 2 


tH HHH HEE 
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72 filling threads per in. as woven). The series can 
also be grouped according to the different fabric states : 
gray or untreated (G), alkali-scoured (S), and fin- 
ished (F), which involved an additional treatment of 
vat dyeing followed by a Zelan treatment. Any con- 
clusions which may be drawn from these experiments 
as to the effect of scouring and Zelanizing must be 
considered to be specific for these particular fabrics 
as processed, since any change in the pore-size dis- 
tribution due to processing will depend to a certain 
extent upon the various details of the processing 
method and procedure used. Some of the physical 
properties of these 18 fabrics are summarized in 
Table I. 


Results and Discussion 
Total V oid Volume 


The comparisons made between the void space 
filled with mercury within the experimental range 
and the total theoretical void volume available within 
the sample boundaries are shown in Table II. Each 
total void volume was calculated from sample weight 
and dimensions, using the average thickness as de- 
termined by the A.S.T.M. procedure D39-49, Col- 
umn 3 gives the average void volume filled with mer- 
cury within the range from 200 to 0.2 » radius (from 
$ to 528 p.s.ia.). An over-all average of 96 + 2% 
(column 4) of the theoretical total void volume is 
filled with mercury within the experimental range. 
In the previous series [1] the experimental range 
from 20 to 0.2 radius (from 5 to 528 p.s.i.a.) ac- 
counted only for approximately 60% of the total 
void. Thus, the addition of the low-pressure-range 
apparatus brings into consideration practically all of 
the remaining 40% of the available void space within 
these fabric samples. 


Pressuring Curves 


Two modifications of the previous method of plot- 
ting pressuring curves have been introduced to fa- 
cilitate the comparison of the data for the different 
fabrics over the whole range from 4 to 528 p.s.ia. 
First, a logarithmic scale is used for the abscissa, 
which may represent either pressure or pore radius 
Sec- 
ond, the assumption is made that the void volume 
of each sample is completely filled by 528 p.s.i.a. (0.2 p 
radius) and the AV changes are plotted backward 
from this point. The typical curves, as presented in 


by using reversed scales on the same diagram. 
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Figure 2, have more or less leveled off at 0.2 » radius, 
indicating a small residual void volume within the 
pores of radius less than 0.24. The sharper rise of 
the immature-cotton curves (represented by 119) 
suggests a greater volume unfilled in the immature- 
cotton fabrics than in the mature at a pressure of 528 
p.s.i.a. 

At the starting pressure of $ p.s.i.a. (200 » radius), 
the mercury has already penetrated the boundaries 
of the various samples to different degrees, if the 
surface boundaries are considered to be parallel planes 
touching the outermost portions of the warp threads. 
Since the surface depressions of the mature-cotton 
fabrics are freer of slack fibers than are those of the 
immature, more mercury probably would have en- 
tered the depressions of the mature-cotton fabrics. 

Therefore, the small percentage of available void 
volume not included in the experimental range seems 
to occur in different regions for the two types of 
fibers. In the mature-cotton fabrics, the greater por- 
tion of this residual volume appears to be filled at 
pressures below 4 p.s.i.a.; in the immature, it ap- 
parently is divided between the region below 4 p.s.i.a. 
and that above 528 p.s.i.a. 

Some of the features of these pressuring curves 
are brought out by the representative curves shown 
in Figure 2. Each mature-cotton fabric (e.g., 114) 
has two “mounds” of varying height which are sepa- 
rated by an intervening “valley” somewhere in the 
region of 4-8 » radius. The immature-cotton fabrics 
do not have a consistent pattern; the mounds, when 
present, are shallower (e.g., 119-G), and the inter- 
vening valley is at a lower pore-size radius position. 
Each immature-cotton fabric curve lies considerably 
below its corresponding mature-cotton fabric curve 
except in the region from 3-9 » radius, which is the 
valley section of the mature-cotton fabrics ; in this re- 
gion, the pairs tend to approach each other. 

As the mercury penetrates a cotton fabric, the 
filling would be expected to follow the general order 
of surface depressions, interyarn spaces, interfiber 
spaces, lumens. Actually, the different portions over- 
lap and tend to blend into each other. From the ef- 
fective pore-radius dimensions the deduction can be 
made that the mound in the low-pressure range of 
these pressuring curves pertains to the filling of the 
surface depressions, and, as has been shown [1], the 
pore-size range of the second mound corresponds 
predominantly to the filling of the interfiber spaces. 
If the valley represents the transition from the filling 
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Fic. 2. Semilogarithmic plot of pressuring curves for 


fabrics 114—-G, 114-S, 119-G, and 119-S. 


of the surface depressions to the filling of the inter- 
fiber spaces, all the mature-cotton fabrics present a 
rather distinct separation between the two regions. 
For the immature-cotton fabrics, the separation be- 
tween the two regions in the gray and finished states 
is considerably less pronounced, and, in the scoured, 
is nonexistent (e.g., 119-S). In the scoured im- 
mature-cotton fabrics, the change in AV tends to 
progress more or less smoothly to the final leveling 
off at the highest ranges; consequently, there is no 
apparent separation between surface depression and 
interfiber filling, but, rather, a decided overlapping 
of all the regions. The continued rise of all the im- 
mature-cotton fabric curves at pressures above 100 
p-S.i.a., the approximate range in which the mature- 
cotton fabric curves are leveling off, may be explained 
as the combined effect of the more numerous smaller- 
sized interfiber spaces plus the penetration of lumen 
channels, since it has been shown microscopically that 
the lumens of the immature fibers have a greater 
tendency to be penetrated by mercury than those of 
the mature fibers. 


Distribution Curves 


Of the various methods of plotting the data, the 
pore-size distribution curves probably afford the best 
means of comparison. These curves depict the vol- 
ume change per gram of cotton per micron increase 
in pore-radius throughout the range studied, so that 
the area under any part of the curve equals the total 


volume of the pores having radii between the selected 
limits. 


Each fabric studied has a characteristic pore-size 





June, 1951 
distribution curve. These are best compared by 
considering the upper and lower portions of the range 
separately, since the significant differences of the 
low-pressure volume changes are obscured if the 
same scale for the D(r) axis is used throughout the 
whole pressure range. 

Low-Pressure Range—For the low-pressure 
range, large plots were made of the distribution func- 
tion, D(r), against effective radius for all 18 fabrics. 
The most consistent feature was the relationship be- 
tween the corresponding mature- and immature-cot- 
ton fabrics. The mature-cotton fabrics have a larger 
volume of pores of radii between 200 and 26» and a 
smaller volume of pores of radii between 26 and 5 p» 
than the corresponding immature-fiber fabrics. A 
comparison of the relative magnitude of this effect 
can best be made by considering the areas under the 
distribution curves—that is, the volume of void filled 
within these selected limits. Figure 3 shows these 
volumes, in cc./g., for the effective pore-radius range 
from 200 to 26 », which range may be assumed to be 
related to the surface-depression filling, as has been 
pointed out. 

A survey of these bar graphs leads to three general 
conclusions as to the effect of (1) fiber maturity, (2) 
fabric state, and (3) weave closeness. 

(1) The void volume filled within this pore-size 
range for each mature-cotton fabric is greater than 
that of the corresponding immature. This is con- 
sistent with the differences in appearance, as noted 
on microscopic examination, which showed the sur- 
face depressions of the mature-cotton fabrics to be 
larger and more free from slack fibers than the im- 
mature. 


(1 GRAY 
& scourReD 
FINISHED 


200-26 uw 


OV, cc/GRAM, 


16 "ge 121 


MATURE COTTON IMMATURE COTTON 


Fic. 3. Void volumes within the large pore-size 
range. 114 and 119—Loosest weave. 116 and 121— 
Intermediate weave. 118 and 123—Closest weave. 
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(2) Processing, as performed on these particular 
fabrics, decreased the void volume in this pore-size 
range, and, in this respect, seemed to affect the im- 
mature-cotton fabrics to a greater degree than the ma- 
ture, with the result that in the scoured and finished 
states all the mature-cotton fabrics showed greater 
void volumes filled than did any of the immature. It 
is also apparent that the loss of void volume in this 
range tends to be more marked for the more loosely 
woven than for the more tightly woven fabrics. The 
differences between the scoured and finished states 
are not significant. 

(3) The void volume filled within this pore-size 
range tends to decrease with increased pickage for 
both the mature-Sand immature-cotton fabrics in each 
of the three states. However, the decrease is very 
evident in the gray fabrics and is less marked in the 
processed fabrics—that is, processing seems to level- 
off the effect of pickage in this region. 

Similar volume comparisons for the 26-5 » radius 
range show that the immature-cotton fabrics have a 
greater void volume filled than the corresponding 
mature. In the majority of the fabrics, neither scour- 
ing nor finishing has a great effect on the void volume 
filled in this range and usually either one decreases it 
slightly, with the marked exception that scouring 
causes a consistent increase in the immature fabrics. 

High-Pressure Range—Unlike the low-pressure 
distribution curves which show a more or less gradual 
rise in D(r) value as the pore-radius decreases, the 
high-pressure distribution curves rise with different 
degrees of sharpness to a peak and then fall. This 
peak represents that pore-radius at which the fre- 
quency of occurrence of pores is the greatest and 
represents predominantly the filling of interfiber pore 
spaces [1]. The distribution curves for all 18 fabrics 
are shown in Figure 4, and the pore radii of the peaks 
of the distribution curves are listed in Table III. 
These results are compared from three points of 
view: (1) maturity of fiber, (2) thread count, and 
(3) fabric state. 

(1) The peak of the distribution curve for each 
immature-cotton fabric always occurs in a lower pore- 
size range than that of the corresponding mature. 
Since a greater number of immature fibers (2.4 pg./ 
in.) are necessary to furnish the same weight as a 
given number of mature fibers (4.2 g./in.) and 
since the yarn numbers of both yarns are approxi- 
mately the same, there are approximately twice as 
many fibers in a cross-sectional area of the immature- 
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MATURE - COTTON FABRICS 





PORE RADIUS, microns 

Fic. 4. Distribution curves for all 18 fabrics. 
Loosest weave. ——— Intermediate weave. 
Closest weave. 
cotton yarn as in the mature. Consequently, if the 
gages of the yarns are the same, the average spaces 
between the immature fibers are considerably smaller 
than those between the mature fibers. 

(2) As the thread count is increased, the mature- 
cotton fabrics in each state show a progression of 
This effect is 
further emphasized by a comparison with the mature- 


peak toward a lower pore-size range. 


cotton samples (nos. 1, 2, 3, 5, 6) of the previous 
publication [1]. All of those fabrics were of looser 
weave and had distribution peaks in a higher pore- 
size range, 2.64.4 pn. 
the filling threads are pressed more closely together, 
resulting in interfiber spaces of smaller dimensions. 
In the immature-cotton fabrics, a similar peak-posi- 


As the pickage is increased, 


tion relationship is indicated, but the progression of 
peak-position is not as precise as in the mature. This 
lack of precision is due to the fact that the peak-posi- 
tion range of the immature cotton fabrics corresponds 
to that section of the pressuring curves in which it is 
difficult to obtain the accuracy of slope necessary for 
the precise placing of the peaks. Again, the distribu- 
tion peaks of the looser-woven immature-cotton fabric 
(4-S and 4-F) of the previous series [1] were at a 
higher pore-radius position, 2.0 », than any of the im- 
mature-cotton fabrics of the present series. 

(3) Two relationships are shown between fabric 
states by a comparison of the distribution curves as 
calculated—that is, by using the same contact angle 
for all states. The peak of each gray mature-cotton 
fabric has a lower pore-size position than that of 
either the scoured or the finished, while the peaks of 
the scoured and finished are at approximately the 
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TABLE III. Rap Positions (u) of PEAKs 
oF DISTRIBUTION CURVES 


Fabric state 
Scoured 


Fabric 


number Gray Finished 


Mature-cotton fabrics 


114 2.0 
116 1.6 
118 1.2 


Immature-cotton fabrics 
119 0.7 0.6 . 
121 0.7 0.5 0.6 
123 0.4 0.3 0.4 


same radius position in each case. In the immature- 
cotton fabrics, the scoured fabric always has the 
lowest peak radius position but there seems to be no 
further consistency in the relationship of the various 
fabric states. 


Yarn-Fabric Comparisons 


The conclusions that the peak of the distribution 
curve for the fabric pertains to the interfiber (intra- 
yarn) spaces and that the peak moves to a smaller 
pore-size position with increased closeness of weave 
because of increased compression of the yarn are cor- 
roborated by a comparison of the distribution curves 
of the loosest-woven gray fabrics with those of the 
constituent mature- and immature-cotton yarns (Fig- 
ure 5). The data for the yarns were obtained only 
with the middle-range apparatus (7 to 62 p.s.i.a.), 
which covered the pertinent range. The peaks for 
the yarns come at about 5 to 7 » effective radius for 
the immature and mature cotton, respectively ; these 


—— —IMMATURE COTTON 
MATURE COTTON 


CC/ MICRON 


D (r) x 10 


5 10 


PORE RADIUS, microns 
Fic. 5. Distribution curves for the two loosest-woven 
fabrics and the constituent yarns, 
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Fic. 6. Air permeability vs. interfiber void volume. 
are much larger than the values for any of the 
fabrics studied (Table III). 

The void volume filled with mercury (the area 
under the curve) in the pore-radius range of the peak 
is greater for the immature cotton than for the ma- 
ture cotton in the yarn, just as it is in the fabric. Pre- 
liminary experiments indicate that this relationship 
holds for the fiber state as well. 


Air Permeability 


Air permeability is obviously determined by the 
size, length, and number of channels through a fabric. 
In loosely woven cloths, the interyarn pathways are 
the dominant factor since they are comparatively 
large and practically direct. The more closely woven 
the fabric, the smaller become the dimensions of the 
interyarn pathways until they approach the magni- 
tude of interfiber spaces. In the very compact fabrics 
of this series, the interfiber pathways are the domi- 


nant factor in determining air permeability. There- 


fore, an approximate correlation might be expected 


between air permeability and the void volume con- 
tained within the interfiber spaces. Unfortunately, 
4 of the immature-cotton fabrics (the 3 scoured and 
the most closely woven finished fabric) had to be ex- 
cluded from this comparison, as became obvious when 
they were examined by transmitted light. The proc- 
essing treatment had caused the formation of numer- 
ous pin-point holes in these particular fabrics. 

The radius limits of the pertinent range can be 
estimated roughly from a survey of the pressuring 
curves (as represented in Figure 2) of the 14 fabrics 
considered. The upper pore-size limit was selected 
toward the end of the first mound, where the increase 
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in slope indicates that the completion of the filling 
of the surface depressions has been overshadowed 
by the entry of mercury into the interfiber spaces. 
For the mature-cotton cloths this point of.inflection is 
about 10 and for the immature about 5, radius. 
The lower limit of pore size cannot be deduced from 
the pressuring curves since it is impossible to differ- 
entiate between the filling of the lumen spaces and of 
the smaller interfiber spaces. The value of 1.54 
was chosen for two reasons: (a) This is the order of 
magnitude of the effective radius of lumens of mature 
fibers as calculated from approximate lumen dimen- 
sions; (b) Microscopically it has been shown that 
mercury has entered the lumens of a few of the im- 
mature fibers by 65 p.s.i.a. (1.6). Pores with radii 
of less than 1.5 may reasonably be considered in- 
significant in their contribution to air permeability. 

A smooth curve is obtained (Figure 6) when the 
void volumes within these selected pore-radius limits 
are plotted against the air permeability values as de- 
termined by the densometer. The plotted data of the 
4 excluded samples would fall below the curve, show- 
ing a greater permeability than the void volume would 
warrant. In these fabrics, the air can flow more freely 
through the short, direct pathways instead of follow- 
ing the more circuitous route through the inter- 
fiber channels. Even if the void volume of the selected 
range should include the volume contained within 
these transverse pathways, the directness of the chan- 
nels introduces a new factor which gives a greater air 
permeability. 


Effect of Processing 
Total Void 


over-all density of these fabrics, resulting in a loss 
of total volume within the fabric boundaries. The 
effect of scouring is greater for the immature-cotton 


V olume.—Processing increases the 


fabrics than for the mature, as is shown by a compari- 
son of the figures in column 2 of Table I]; the aver- 
age loss in available void per gram of fabric is 7% in 


/ 


the mature-cotton samples, and 11% in the immature. 
With the exception of one case, finishing effected an 
additional loss of void volume per gram of fabric, the 
average additional loss being 54% and 2% in the 
mature- and immature-cotton fabrics, respectively. 
Thus, the direct comparison of the finished with the 
gray shows approximately the same percentage loss 
in both the mature- and immature-cotton fabrics. 
Void Volume Distribution—The loss in void vol- 
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Fic. 7. Distribution percentwise of the total experi- 
mental void volume. Averages for each of the gray, 
scoured, and finished fabrics, mature and immature. 


ume on scouring is not apportioned throughout the 
whole experimental range, but is concentrated in the 
largest-pore-size region. In order to show these re- 
lationships graphically, the average volumes of three 
ranges were calculated as percentages of the total void 
filled within the whole experimental range, and were 
plotted as a bar graph (Figure 7). The 200-26, 
radius region pertains to the filling of the surface de- 
pressions, and the 5-0.2 » radius region to the inter- 
fiber and lumen spaces. The 26-5, radius region 
may be considered to be the transition from the filling 
of the surface depressions to that of the interfiber 
spaces. 

From Figure 7 it is apparent that scouring pro- 
duced a decrease in the proportion of the pores of 
largest sizes and an increase in the smallest. The 
transition region was practically unaffected in the 
mature-cotton fabrics, but showed a considerable per- 
centage increase in the immature. Subsequent fin- 
ishing produced no change in the percentages in the 
3 regions of the mature-cotton fabrics—that is, the 
loss in volume was spread throughout the whole 
experimental range. In the immature-cotton fabrics, 
the finishing treatment resulted in a slight increase 
over the scoured in the percentage of the void vol- 
ume within the largest- and smallest-sized pores at 
the expense of the volume percentage in the transi- 
tion region. 


While these conclusions apply only to this specific 
fabric series, they indicate that data of this nature 
can be used effectively to study and compare changes 
in the amount and distribution of the void volume 
caused by controlled processing procedures. 
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Summary 


The mercury-intrusion method for the determina- 
tion of pore-size distribution was applied to 18 closely 
woven cotton fabrics, chosen to show the effect of 
maturity count, pickage, and processing (scouring 
and Zelan finishing). The addition of a low-pressure 
apparatus resulted in data which included a consider- 
able portion of the volume of the surface depressions 
of the fabrics, thus permitting a survey of practically 
the whole (96% ) of the available void enclosed by the 
sample instead of only 60%. 

The pressuring curves of the mature-cotton fabrics 
disclosed a rather distinct separation between the fill- 
ing of the surface depressions and of the interfiber 
regions; in the immature, the curves indicated a 
greater overlapping and blending of all regions. 

When woven to a given weight and thread count 
the mature cotton, as compared to the immature cot- 
ton, gave fabrics having a much larger proportion of 
their total void volume in the surface depressions, and 
a much smaller proportion in the interfiber pore 
spaces. The peak of the distribution curve in the 
interfiber region was at a larger pore size for all 
the mature-cotton fabrics (1.9 » average) than for the 
immature (0.5 average). The over-all average 
pore-size radius for the immature fabrics is definitely 
smaller than that of the mature. A shift of the distri- 
bution-curve peak to smaller pores was also observed 
as the pickage was increased; this trend was further 
emphasized by a comparison of the fabric data with 
that obtained for the corresponding yarns. 

Scouring resulted in a loss of total void volume 
included within the sample. The proportion of void 
volume within the interfiber pore sizes was increased 
at the expense of the volume within the surface de- 
pressions. Subsequent finishing with a water-repel- 
lent treatment effected an additional loss of total void 
volume; however, it did not appreciably affect the 
pore-space distribution. 

A correlation was shown between air permeability 
and the void volume of the interfiber region, indicat- 
ing that the interfiber pathways were the dominant 
factor in determining air permeability in these closely 
woven fabrics. 
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The Sorption of Synthetic Surface-Active 
Compounds by Carbon Black 
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Abstract 


The sorption on carbon black of a number of types of anionic, cationic, and nonionic surface- 


active compounds from aqueous solutions has been measured. 


It is shown that the sorption 


of these compounds does not conform to the Freundlich adsorption isotherm over the whole 
of the concentration range studied (0.01%-0.2% by weight). In the majority of cases an 
abrupt change in slope of the curve occurred at concentrations which appear to correspond, at 
least approximately, to the critical micelle concentrations of the various compounds. At con- 
centrations above this critical point the plot of log X vs. log C appeared to be linear, but below 
the critical point considerable deviation from lineality was observed in some cases. The 
sorption of sodium alkyl sulfates increased with increasing chain length of the alkyl group at 
constant temperature, and decreased with increasing temperature at constant chain length. A 
series of compounds differing widely in chemical constitution, and including both anionic and 
cationic agents. were shown to be remarkably similar with respect to the general level of 
adsorption. Two typical nonionic compounds were found to be sorbed somewhat more strongly, 
particularly at higher concentrations, than any of the other cornpounds investigated. The 
addition of sodium sulfate to solutions of anionic compounds resulted in an increase in the 
sorption of the latter in every case. 


| HE SORPTION of surface-active compounds by 
the soil and by fibers is believed to be an important 


tergent compounds, and in this connection measure- 
ments have been made of the sorption of various pure 


factor in the complex mechanism of textile detergency 
[1, 8, 13, 14]. It is therefore of interest to obtain 
data relating to the sorption of a wide variety of de- 


soaps from aqueous solutions by carbon black [9, 11] 
and by textile fibers [12]. The present paper pre- 
sents similar data for the sorption by carbon black 
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of a series of purified sodium alkyl sulfates and also a 
number of compounds extracted from commercially 
available surface-active agents of variots types. 


Materials 


Sodium alkyl sulfates having alkyl chains with from 
12 to 18 carbon atoms were prepared from Eastman 
lauryl, myristyl, cetyl, and stearyl alcohols by the 
method of Lottermoser and Stoll [6]. The crude 
products were recrystallized repeatedly from absolute 
alcohol and were finally dried to constant weight in 
vacuo at 56°C. The melting points (uncorrected) 
and molecular weights * of the purified compounds 
are given in Table I. 

Four additional anionic compounds (A-1, A-2, A-3, 
and A-4) were prepared by extracting the active in- 
gredient from various commercial preparations as fol- 
lows: the commercial product was refluxed for 1 hr. 
with absolute alcohol, and the alcohol-insoluble matter 
(largely sodium sulfate) was filtered off. The filtrate 
was allowed to cool, and the crystals obtained were re- 
crystallized once from fresh alcohol and dried to con- 
stant weight in vacuo at 56°C. Two other anionic 
compounds (A-5 and A-6), which would not crystal- 
lize from alcohol, were used as received after drying 
to constant weight. These compounds were stated by 
the manufacturer to contain 100% active ingredient. 
Three cationic agents (C-1, C-2, and C-3) and two 
nonionic compounds (N-1 and N-2) were also used 
as received. These compounds are listed in Table IT. 

The carbon black used throughout these experi- 
ments was uncompressed Standard Micronex,; a 
channel black having a mean particle diameter of about 
28 mu. 

Carbon dioxide-free distilled water was used in the 
preparation of all solutions. 


Methods 


Determination of Sorption 


A 0.600-g. portion of carbon black was weighed 
into a previously warmed 200-ml. vacuum bottle, and 
was agitated for 10 min.¢ with 150 ml. of detergent 
solution having the desired temperature and _ initial 


*The molecular weights were determined by the method 
described later in this paper. 

+ Obtained from Binney & Smith Co., New York. 

¢ Preliminary experiments indicated that equilibrium was 
established in less than 10 min., shaking times up to 1 hr. 
producing no increase in adsorption. 
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TABLE I. Properties or Soptum ALKYL 
SULFATES UsED 
Melting point Molecular weight 
Compound (°C) Found Theoretical 
Sodium lauryl sulfate 179 289 288 
Sodium myristy] sulfate 182 318 316 
Sodium cetyl sulfate 184 349 344 
Sodium stearyl sulfate 170 368 


concentration, using a mechanical shaking device. 
After shaking, the suspension was weighed, and fil- 
tered under suction through a Whatman No. 42 filter 
paper supported in a covered, electrically heated 
Buchner funnel. The filter cake and filtrate were 
each weighed, and any loss in weight (due to evapora- 
tion of water during filtration) was made up by the 
addition of distilled water to the filtrate. 

Anionic Compounds.—For the anionic compounds, 
the concentration of the initial (reference) solution 
and the filtrate (equilibrium solution) were deter- 
mined by the method of Epton [4], employing the 
modification suggested by Weatherburn [10]. The 
sorption of the surface-active compound is given by 
the formula X = 0.25 (C,—C), where X is the 
quantity sorbed in millimoles per gram of carbon, and 
C, and C are the concentrations of the reference and 
equilibrium solutions, respectively, in millimoles per 
liter (Mx 10°). The molecular weights of the 
sodium alkyl sulfates (Table 1) were calculated from 
the known concentrations of the solutions in grams 
per liter and the corresponding values of Cy. 

Cationic Compounds.—The concentrations of the 
cationic solutions were determined by adding a meas- 
ured excess of 0.1% sodium lauryl sulfate solution to 
the aliquot of cationic solution, and back-titrating the 
residual anionic compound by the above method. 

Nonionic Compounds.—The concentrations of so- 
lutions of nonionic compounds were determined by the 
method of Oliver and Preston [7]. Since this is a 
gravimetric method, and since the molecular weights 
of the nonionic compounds are not known, it was 
necessary to express the results in terms of weights 
of the compounds as received. Both nonionic com- 
pounds used were stated by the manufacturer to con- 
tain 100% active ingredient. 


Determination of Critical Micelle Concentration 


The critical micelle concentrations of the various 
compounds were first determined by the method of 


Corrin and Harkins [3]. However, since it was de- 











TABLE II. ComMmerctaL SURFACE-ACTIVE ComPounps UseED 





Reference No. 


Anionic compounds 


A- R—OSO;Na (R=alkyl) 


A- Ci1H2sCOOCH,2CH(OH)CH,0SO;Na 
f Ci;H ssCON(CH 3) C.H .SO;Na 


CiyHsCOOCH.CH:SO;Na 
Sodium alkyl aryl sulfonate 
H.2C—COOC;Hi; 


| 
HC—COOC Hi; 
| 


! 
SO;Na 


Cationic compounds 
C-1 CisHas(C;H,N)Br 
C-2 R—(CH;)2(CsH;CH:2) NCI 
C-3 CisH3;3(CH s)sNBr 


Nonionic compounds 
N- 


and rosin acids 


sired to apply these data to equilibrium solutions con- 
taining sodium sulfate in addition to the surface- 
active compound, and since the extent of sorption of 
the sodium sulfate was not known, this method was 
considered unsatisfactory. Accordingly, the method 
was modified as follows: To 10 ml. of each of the 
various equilibrium solutions was added 0.05 ml. (1 
drop) of a 2 x 10°° M solution of pinacyanol chloride. 
The solutions were maintained at 50°C for about 10 
min., after which the color of each solution was ob- 
served. A blue color indicated that the concentration 
of the solution was above the critical micelle concen- 
tration, and a red color indicated that it was below. 
With some solutions a purple color was obtained, and 
in these cases the concentration of the solution was 
taken as the approximate critical micelle concentra- 
tion. In other cases there was a sharp change from 
red to blue with increasing concentration, and the 
critical micelle concentration was taken as falling be- 
tween the highest concentration which gave a red 
color and the lowest concentration which gave a blue 
color. In this way it was possible to obtain an ap- 
proximate value for the critical micelle concentration 
under the identical conditions employed during the 
sorption experiments. 

The sorption of each of the compounds listed in 
Tables I and II was determined over an initial con- 
centration range of 0.01% to 0.2%. All of the meas- 
urements, with three exceptions, were made at 50°C. 
The sorption of sodium stearyl sulfate was deter- 


Formula or type of principal ingredient 


1 Alkyl aryl polyethylene glycol ether 
N-2 Polyoxyethylene ester of mixed fatty 





Preliminary treatment 


Extracted, recrystallized, dried 
Extracted, recrystallized, dried 
Extracted, recrystallized, dried 
Extracted, recrystallized, dried 
Dried 
Dried 


Used as received 
Used as received 
Used as received 


Used as received 
Used as received 


mined at 70°C, and that of the two nonionic com- 
pounds at 30°C, since clear solutions of these com- 
pounds were not obtained at 50°C. (The solubility 
of nonionic compounds in general decreases with in- 
creasing temperature [2].) The results are given in 
Figures 1-4 (solid curves in Figures 1 and 2). 

A similar series of experiments, on the anionic 
compounds only, was carried out in which the initial 
solutions contained anhydrous sodium sulfate in an 
amount equal to 1.5 times the weight of surface-active 
compound present, the concentrations of the latter and 
the temperatures being the same as in the first series. 
The ratio of sodium sulfate to surface-active com- 
pound was chosen to correspond to a detergent for- 
mulation containing, on a dry basis, 40% of surface- 
active compound and 60% of inorganic salt, a pro- 
portion that is commonly encountered in commercial 
detergent preparations. The results of this series are 
given by the dotted curves in Figures 1 and 2. 

In order to determine the effect of variations in 
temperature on the sorption, a limited series of ex- 
periments was carried out at 30° and 70°C with three 
of the compounds listed in Table I. These results are 
given in Figure 5. 


Discussion 


All of the compounds studied show the same gen- 
eral type of sorption curve. According to the Freund- 
lich adsorption isotherm (X = kC", where X is the 
quantity adsorbed, C is the equilibrium concentration, 
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and k and n are constants) a plot of log X vs. log C 
should give a straight line. It is apparent from the 
data of Figures 14 that none of the compounds stud- 
ied, with the possible exception of compound A-6, are 
sorbed in conformity with the equation over the en- 
tire concentration range covered. Most of the curves 
exhibit a more or less abrupt change in slope at con- 
centrations which appear to correspond, at least ap- 
proximately, to the critical micelle concentrations of 
the compounds. Of the compounds which do not 
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sulfates by carbon black. Sodium 
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Fic. 2. Sorption by carbon black 
of anionic surface-active compounds 
extracted from commercial prepara- 
tions. Anionic compound, \ 
Anionic compound plus sodium sulfate, 

—. Temperature, 50°C. 
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show this change in slope (sodium lauryl sulfate, 
compounds A-2, A-6, and possibly A-1), all of the 
sodium lauryl sulfate equilibrium solutions were found 
to be below the critical micelle concentration for this 
compound, while only the highest concentration of 
each of the other compounds was equal to the critical 
micelle concentration. It is probable that these com- 
pounds would also have given curves of similar form 
if they had been taken to higher concentrations, par- 
ticularly since in the presence of added sodium sul- 
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Fic. 4. Sorption of nonionic surface-active compounds 
by carbon black. Temperature, 30°C. 


2 
° 


2 
° 
a 


S00. MYRISTYL SULFATE & 
SOD, LAURYL SULFATE @ 
SOO. CETYL SULFATE O 
SOO. STEARYL SULFATE x 
sore 

$0°C mm ee wee 


7Torc 


SORPTION, MILLIMOLES/GM. CARBON 


0.05 Gio aso 10 so 100 
EQUILIBRIUM CONCENTRATION, MILLIMOLES/LITRE 


Fic. 5. Effect of temperature on the sorption of sodium 
alkyl sulfates by carbon black. 

fate all of the compounds exhibited the characteristic 

break in the sorption curves at concentrations cor- 


responding to the critical micelle concentrations of 
the respective compounds under these conditions. 
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In order to eliminate the possibility that the change 
in slope of the curves might be related to some prop- 
erty of the particular carbon employed rather than to 
the concentration of surface-active compound, sorp- 
tion curves were obtained for three of the compounds 
using two carbons other than the Micronex. These 
carbons were Statex B,* having a mean particle di- 
ameter of 34 mp, and Neo Spectra II,* having a mean 
diameter of 12.7 mp. While the magnitude of the 
sorption of any one surface-active compound varied 
with the different carbons, the finer carbon giving 
higher sorption, the breaks in the curves occurred at 
virtually the same equilibrium concentration, and this 
concentration was again found to correspond to the 
critical micelle concentration as measured by the 
above method. It is felt that this is conclusive evi- 
dence that a change occurs in the sorption character- 
istics of these surface-active compounds at or near 
the critical micelle concentration. 

The portions of the sorption curves above the 
critical micelle concentration appear to be linear, in 
conformity with the Freundlich equation, but below 
this concentartion the curves for some of the com- 
pounds exhibit considerable deviation from lineality. 

It is interesting to note that linear sorption curves 
were obtained for sodium laurate and sodium stearate 
over an initial concentration range of 0.01%-0.2% 
[11]. In the case of sodium laurate the concentra- 
tions of the equilibrium solutions varied from 0.25 to 
8.0 M x 10°, all of which were below the critical mi- 
celle concentration for this soap. In the case of so- 
dium stearate the equilibrium concentrations varied 
from 0.06 to 3.2 M x 10°, which includes the critical 
micelle concentration for this soap. However, the 


sorption of soap is complicated by selective sorption 
of the fatty-acid constituent, resulting in accentuated 
hydrolysis. It is impossible to predict the effect of 
these factors on the critical micelle concentration, and, 


unfortunately, no measurements of the latter were 
made on the equilibrium solutions at the time. 
The data of Figures 1 and 5 indicate that at con- 
tion of the sodium alkyl sulfates with increasing chain 
length of the alkyl group at concentrations below the 
critical micelle concentration. At higher concentra- 
tions the curves for the C,,, C,,, and C,, compounds 
appear to level off at about the same degree of sorp- 
tion. It is possible that the curve for the C,, com- 


stant temperature there is a regular increase in sorp- 


* Obtained from Binney & Smith Co., New York. 
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pound might also have reached this level if it had 
been carried to sufficiently high concentrations. 

Figure 5 also shows the effect of temperature on 
the sorption of the sodium alkyl sulfates. It may be 
seen that the curves for each compound are essentially 
parallel at temperatures varying from 30°C to 70°C, 
and that the degree of sorption decreases with increas- 
ing temperature over this range. The concentrations 
at which the change in slope of the curves occurs are 
increased slightly with increasing temperature, this 
being in agreement with the effect of temperature on 
the critical micelle concentration [5]. 

The anionic and cationic compounds listed in Table 
II, although differing widely in chemical constitution, 
are remarkably similar with respect to sorption char- 
acteristics (Figures 2 and 3). The two nonionic 
compounds also gave curves of similar form (Fig- 
ure 4). As has been pointed out previously, it was 
not possible to express the sorption of these com- 
pounds in the usual molar units. However, for the 
sake of comparison, the data for sodium lauryl sul- 
fate at 50°C and sodium stearyl sulfate at 70°C have 
been recalculated in terms of weight units and are in- 
cluded in Figure 4. It may be seen that the nonionic 
compounds show higher sorption than the anionics at 
concentrations above the change in slope of the curves. 
Attempts were made to obtain critical micelle con- 
centration data for the cationic and nonionic com- 
pounds by the method described above, but since no 
marked color changes were obtained over the whole 
range of concentrations, it was concluded that the 
method is not applicable to these compounds. It can 
only be concluded by inference, therefore, that the 
breaks in these curves correspond to the critical 
micelle concentrations. 

In every case the addition of sodium sulfate to solu- 
tions of the anionic compounds caused an increase in 
the sorption of the latter, this effect being most pro- 
nounced at concentrations below the critical micelle 
concentration. The presence of sodium sulfate also 
resulted in the critical micelle concentrations, and 
hence the change in slope of the sorption curves, oc- 
curring at lower concentrations, this being in accord 
with the known effect of electrolytes on the critical 
micelle concentration. 


The filtering characteristics of the suspensions of 
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carbon in the various solutions are of some interest. 
Suspensions prepared from solutions of all of the 
compounds at concentrations below the critical micelle 
concentration filtered rapidly and gave filtrates which 
were perfectly clear and free of carbon. At higher 
concentrations, however, the filtration was much 
slower, and many of the compounds gave dark-colored 
filtrates during the early stages of filtration. It was 
found that once a filter cake of carbon had been 
formed on the filter paper, the filtrate came through 
clear, and that when the first small quantity of fil- 
trate was refiltered through this cake, all of the car- 
bon was eliminated from the filtrate. It is concluded 
that the surface characteristics of the filter paper and, 
or the carbon particles are modified by the sorption 
of micelles of the surface-active compounds, and under 
these conditions the finer carbon particles are enabled 
to pass through the filter paper. Single, nonag- 
gregated molecules of the compounds apparently do 
not have this effect. 
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Letters to the Editor 


Short communications in the form of Letters to the Editor are intended to provide prompt 
publication of significant new research results and to permit an exchange of views on papers 


previously published in the JourNAL. 


These communications are not submitted to formal re- 


view as are research papers, and the editors do not assume any share of the author’s responsi- 
bility for the information given or the opinions expressed. When work previously published 
in the JouRNAL is the subject of critical comment, the authors of the original paper are given 
an opportunity to submit a reply, which will be published concurrently when possible. 


A Cold-Solvent Extractor 


SOUTHERN REGIONAL RESEARCH LABORATORY * 
New Orleans, Louisiana 
March 1, 1951 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


I believe that readers of TextiLe REASEARCH 
JouRNAL will be interested in a compact, leakproof 
modification of the Soxhlet extractor developed at this 
Laboratory. We have found this apparatus useful 
for the extraction of textiles in amounts larger than 
commonly used in samples for analysis. 

Innumerable modifications of the Soxhlet extrac- 
tor have been published. Yet for the laboratory-scale 
extraction of a material with a solvent at substan- 
tially room temperature or somewhat below, there 
seems to be no adequate, compact apparatus. Most 
makeshift assemblies from stock glass-jointed ap- 
paratus leak or fail to perform without frequent at- 
tention, and are of great complexity—for example, 
that described in [1]. 

A modification of a standard Soxhlet extraction ap- 
paratus has been devised which is entirely satisfactory 
for the purpose mentioned. Three views of the modi- 
fied apparatus are given in Figure 1. The change 
consists of an added jacketed U-connector between 
the distillate-collection funnel and the extraction 
chamber. The modified apparatus is stable, requires 
no additional clamping, and occupies the same table 
space as the original extractor. Its use in the con- 


* One of the laboratories of the Bureau of Agricultural 
and Industrial Chemistry, Agricultural Research Admin- 
istration, U. S. Department of Agriculture. 


ventional manner (with the solvent somewhat warm 
or even heated by lamps) is in no way hindered. 

The original apparatus is the assembly identified 
as ¥3885-EGYUA in catalog LP-—28 of the Corning 
Glass Works, Corning, New York.¢ The modifica- 
tion can be made in less than an hour. The cooling 
attachment is blown from lengths of tubing which 
may be determined from the scale of the drawing. 
None of the dimensions are critical because the U- 
connector remains full of liquid at all times. If de- 
sired, the cooling condenser may be used with ice- 
water mixtures instead of tap-water; in this way 
temperatures somewhat below room temperature are 
obtainable. The extraction chamber is preferably 
insulated for this use. In no case should the cover 
plate fit air-tight; this is essential to the proper op- 
eration of the siphon. 


+ The mention of specific products does not imply that 
they are recommended or endorsed by the Department of 
Agriculture over similar products not mentioned. 


L Ss i) 
Fic. 1. Modified Soxhlet extraction apparatus. 
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Anal. Chem. 20, 878-9 (1948). 


tively, of the apparatus described. Epmunp M. Buras, Jr. 


Principles of Textile Research 
Summer Session at M.I.T., July 2-27, 1951 


Tue M.1.T. SUMMER COURSE in Principles of Textile Research is intended to review recent developments 
in textile technology and to familiarize the student with methods and apparatus which will be of great importance 
in future laboratory work. The course will include a survey of the precise and sensitive equipment—much of it 
developed in the M.I.T. Textile Division—now available, and will review the more powerful and efficient means 
for the analysis and interpretation of research findings. 


The summer program in Principles of Textile Research will combine lectures, demonstrations, and seminar 
sessions covering the following subjects: 


Planning of experiments 
Recording and presentation of data 
Analysis of variance 

Significance testing 

Polarized light and its applications 
Tensile testing 

Heat transmission 

Abrasion 

Sound velocity techniques 
Applications of servos 
Photomicrography 


Sampling techniques 
Precision of measurements 
Correlation analysis 
Improved sectioning 

Air permeability 
Resilience 

Flexibility 

Creep and relaxation 
Impact 

Applications of electronics 
Stereographs 


Emphasis will be placed upon the functioning of a textile research laboratory in connection with quality 


control programs, new product development, instrumentation, processing, and in the field of education at college 
level. 


The course will be under the direction of Professor Edward R. Schwarz, in charge of the Textile Division in 
the M.I.T. Department of Mechanical Engineering. 


Requests for further information and letters of application should be sent to Professor Walter H. Gale, 
Director of Summer Session, Room 3-107, Massachusetts Institute of Technology, Cambridge 39, Mass. 
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INDUSTRIAL SECTION 


The Measurement of Stiffness in Textile Fabrics* 
N. J. Abbott} 


Ontario Research Foundation, Toronto, Canada 


Abstract 


In Part I the subjective evaluation of stiffness is used as a standard with which to compare the 


results obtained from five laboratory methods of measuring stiffness. 
on a range of nineteen fabrics of varying fiber content, weave, and weight. 
significant correlation in four of the five methods. 


Measurements were made 
The results indicated 
The test was repeated with a new range of 


of eleven fabrics, with approximately the same results. The Peirce cantilever test was selected 
as being the most convenient to carry out in the laboratory, and at the same time giving good cor- 


relation with the subjective estimate. 


Part II describes a more detailed examination of certain 


aspects of the cantilever test, and a specific technique is recommended which combines simplicity 


of equipment with ease of measurement. 





Part I: A Comparison of Five Methods of Laboratory Evaluation 


Introduction 


Stiffness is one of the characteristics of a fabric 
which goes into making up that important quality 
known as “hand.’’ Other physical properties which 
have been suggested as contributing to the hand 
of a fabric are compressibility, extensibility, resil- 
ience, density, surface contour, surface friction, and 
thermal character [1]. All of these properties may 
not be equally important, and others—thickness, 
for example—may contribute substantially to the 
sensation one gets when feeling a fabric. An at- 
tempt to evaluate the hand of a fabric in the labora- 
tory is made difficult by the fact that no specific 
definition of hand exists, nor, indeed, does a specific 
definition exist of many of its components, such as 
stiffness, compressibility, resilience, and so on. 
This, then, is the problem confronting any attempt 
to measure any of these properties in such a way 
that the results will mean something to the man 


* Presented in part by the author before sub-committee B-1 
of committee D-13 on Textiles, American Society for Testing 
Materials, New York, Mar. 15, 1951. 

t Research Fellow, Textile Department. 


who is accustomed to handling fabric, and who uses 
these terms presumably to signify some specific 
subjective reaction upon feeling the fabric. 

When a person who is accustomed to handling 
textiles feels a fabric, he is able to form a definite 
opinion as to whether he considers it stiff or soft. 
It might be possible, then, to use this subjective 
evaluation as a reference standard of stiffness with 
which to compare the evaluation resulting from a 
laboratory test. This could only be done, how- 
ever, provided the subjective estimate is a sensitive 
one—that is, it can distinguish between two fabrics 
of nearly the same stiffness—and provided a num- 
ber of such evaluations, made by different people, 
agree. Clearly, this is a case simply of ranking 
fabrics in a given order, without regard to the 
absolute value of the difference between them. 
Therefore, if a group of persons can rank a range 
of fabrics in essentially the same order, and any 
given laboratory test ranks them in the same order, 
this may be considered to be evidence of the fact 
that a definite relationship exists between what the 
test measures and what is commonly known as 
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stiffness. Moreover, if the test gives a quantitative 
measure, a scale of stiffness has been obtained, so 
that absolute differences may be obtained. 

A comparison of different methods of measuring 
stiffness has been made previously by Winn and 
Schwarz [12], but these were only compared with 
one another, not with a subjective evaluation. 
This method of approach has, however, been 
adopted by Dreby [5, 6] in his work on the measure- 
ment of hand. In this case the range of fabrics 
selected was limited to 80 X 80 cotton percales, 
and the results indicate that even with this rather 
narrow restriction on fabric construction, there 
were two fabrics in the group which could not be 
ranked in the same order by laboratory and sub- 
jective evaluation. When these two were dis- 
carded, good correlation resulted. This is not a 
very satisfactory situation, for it would indicate 
that it is not possible to know in advance whether 
the laboratory method is reliable, even though the 
range of constructions under examination is very 
limited. 

In the present investigation the only restriction 
placed upon the fabrics chosen was that they could 
be ranked in a fairly well-defined order by subjec- 
tive evaluation. A range of fiber type and fabric 
construction was chosen, so as to present what 
would appear to be the worst conditions for com- 
parison on a basis of laboratory evaluation. 


Materials Used 


A range of nineteen fabrics was selected, of 
various constructions, weights, and fiber contents. 
They were identified by code letters, as shown in 
Table I. 

Subjective Evaluation 


Swatches of these fabrics were cut about 1 ft. 
square, and they were ranked in order of stiffness 
by seventeen persons, not all of whom were equally 
used to handling fabrics. Accordingly, a weight, 
varying from one to four, depending upon the indi- 
vidual’s familiarity with fabrics, was assigned to 
each ranking, and a weighted average rank obtained 
for each fabric. In order to make sure that each 
estimate was a reasonable one, duplicate swatches 
of two of the fabrics were included. Invariably, 
these pairs were placed very close together, if not 
adjacent. The results of the subjective evaluations 
are given in Table II. In order to avoid confusion, 
mention of the duplicate swatches is omitted from 
the table. Each column in the table under the 
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TABLE I 





Weight — 


Code letter Fabric (oz./sq. yd.) 


A Acetate taffeta 
B Viscose rayon taffeta 
ss Acetate-viscose satin 
Viscose rayon crepe 
Spun viscose rayon plain weave 
Cotton broadcloth 
Cotton broadcloth 
Cotton broadcloth 
Nylon plain weave 
Nylon twill 
Nylon broken twill 
Nylon matte 
Nylon plain weave 
Nylon satin 
Nylon matte 
Nylon matte 
Nylon-cotton broken twill 
Silk fabric 1.6 
Wool flannel 10.0 
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heading ‘‘rank’”’ indicates one individual’s estimate 
of the stiffness, in the order from soft (1) to stiff 
(19). 

It will be seen that except in a few instances 
remarkably good agreement was obtained, even 
though in many cases there was very little apparent 
difference in stiffness between a fabric and its 
neighbor. Thus, the weighted average can be con- 
sidered to be a reasonably reliable estimate of the 
rank of the fabric, and a standard rank number 
can then be assigned to each fabric. This is indi- 
cated at the bottom of Table II. 


Test Methods 
Measurements on each of these fabrics were 
carried out at 65% R.H., 70°F, using five methods 
which had been proposed for measuring stiffness. 
These were as follows. 


Cantilever Test 

This test was proposed by Peirce [7], and con- 
sists simply of allowing a 1-in.-wide strip of fabric 
to project as a cantilever from a horizontal plat- 
form and measuring the angle between the hori- 
zontal and the chord from the edge of the platform 
to the tip of the fabric. Peirce then defines two 
quantities which can be calculated from this angle, 
6: the bending length, c = /-f(@), where / = length 
of fabric overhanging the platform, and f(6) 
= (to a and the flexural rigidity, G = we’, 

8 tan 0 

where w = weight per unit area of fabric. 
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“TABLE II. ~ SUBJECTIVE EVALUATION oF STIFFNESS 





Fabric Rank 
A is 3 Ww 3 15 
B $3.8 13 1 -B 19 
Cc : 1-36 28 oe 13 

i 1 2 3 3 2 
3 + 5 8 8 
i3 16 18 18 16 
HRY MENS SR Sa 3 
19 18 17 18 18 
ee ee 10 

8 4 7 

fea 4 

6 6 6 

16 14 > ae 

e235 9 

13 14 

14 12 

1 5 

2 1 

13 5 16 


Weights 3 ? 


Average rating 
(soft to stiff) R : 3 oe 


Standard rank No. 1 : 10 


When / is in cm., ¢ is in cm.; and when w is in 
mg. per sq. cm., G is in mg. cm. This is a reason- 
able unit for most fabrics. 

In the present investigation the length of over- 
hang was 4 cm. for all fabrics. Subsequent investi- 
gations showed that this was not the best basis for 
comparison, but at the same time the results cannot 
be so far removed from the truth as to be mis- 
leading. 


Heart Loop Test 


This method was also proposed by Peirce [7], 
and consists of bending the ends of a 1-in.-wide 
strip of fabric through 540°, bringing the ends to- 
gether, thus forming a heart-shaped loop, and 
measuring the length of this loop under the force 
of gravity. This length, /, will be less for stiff 
fabrics than for soft ones. If the total length of 
the fabric strip is Z, then, under no gravitational 
or other force, the length, 7, = 0.1337L. 

Peirce shows that the bending length, c = /,f(8), 


where @ = 32.85°-4, d =1—1,, and f(@) = cos 6 


tan 6° 
The flexural rigidity, G = wc*, where w = weight 
per unit area of fabric. 

A constant jJength of strip—namely, 20 cm.— 
was used for all fabrics. This also has been shown 


Weighted average 
7? 2. 6.-% 17.5 
6. eM: RR 14.4 
16 12 16 14 12.3 
1 4 4 1 é 1.73 
3 ee 4 ‘ 4.3 
1) 10.17 18 16.0 
4 2 6 : 5 3 d 3 5.0 
14 17 18 19 18.0 
iz 4 til > § 12.4 
7 6 5 9 7.2 
8 688 7 8 8.1 
6 7 3 6 6.1 
3.2 3 15 : 15. 
11 9 8 11 d 9.9 
9 8 14 13 d 11.6 
ie B= s 12 12.2 
5 5 2 j 3 : 3.6 
2 1 1 2 1.68 
7. At 7 : 12.6 


3 1 3 


PS EE aE Rs 2 F A H 

Ba 22 93 44-18 OO 8 

to be a rather unsatisfactory standard for com- 
parison [10], but while any one fabric might not 
be ranked in the correct order, the results con- 
sidered as a whole cannot be misleading. 


Schiefer Flexometer 


This instrument [8] measures the amount of work 
required to fold a pair of samples. The samples 
are mounted between a fixed and a moving plate 
in such a way as to form a couple opposing the 
rotation of the moving plate towards the fixed one. 
The force required to cause this motion is trans- 
mitted through one of a series of calibrated spring 
strips. Thus, the amount of work required to fold 
the samples to a minimum angle, determined by 
the thickness of the fabric, can be calculated, and 
this is taken as a measure of the stiffness of the 
material. 


Planoflex 


This method was developed by Dreby [5, 6] in 
connection with some work sponsored by A.S.T.M. 
Committee D-13. In this instrument a 3-in.-wide 
strip of fabric is mounted in a frame which permits 
lateral displacement of one end of the fabric, in 
the plane of the fabric. This movement distorts 
the fabric, and is carried on until diagonal wrinkles 
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Fabric Cantilever 
c(cm.) G(mg.cm.) 


102 1.70 
121 1.89 
81 1.70 
22 1.27 
57 .50 
107 74 
37 50 
103 86 
42 4 
25 58 
36 
39 
57 
53 
86 
68 
35 1.46 
29 1.38 
302 1.65 


c(cm.) 
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The angle through which the frame has 
been moved at the appearance of the wrinkles is 
read off a scale on the instrument. This angle is 
determined on each side of the center, and the sum 
of the two angles so obtained is taken as a measure 
of the stiffness of the material. 


appear. 


M. I. T. Drapeometer 


This instrument [10] was designed to measure 
drape rather than stiffness, but in so far as the 
measure is based on simple bending under zero 
gravitational force, it was felt that it might cor- 
relate with other test methods designed specifically 
to measure stiffness. One end of a 4.7-in-wide 
strip of fabric 10 in. long is strapped to the edge of 
a circular disc of circumference 9.4 in., and the 
fabric is allowed to hang vertically. The curvature 
of the fabric at any given depth below the support 
will depend upon the stiffness of the fabric, and 
The chord length 
at a level 18 cm. below the support was taken as 


perhaps on other things as well. 
the measure required. 


Results 


Measurements were made both warpwise and 
weftwise in each fabric by all five methods of test. 
The number of samples tested in each case was as 
follows: 


Cantilever 3 samples cut each way, each 


sample tested both sides 


Heart loop 
G(mg.cm.) 


TABLE III. Resutts or LABORATORY MEASUREMENTS 


Planoflex 
(degrees) 
22.3 
34.4 
50.8 
33.1 
42.8 
19.5 
28.8 
10.0 
28.7 


Schiefer Flexometer 
(ergs) 
54 2.65 
78 2.40 
52 1.75 
20 0.60 
36 1.00 
77 1.35 
24 0.80 
114 1.85 
18 1.20 
26 0.85 
31 1.10 
23 0.82 
27 1.25 
29 1.20 
37 1.55 
38 1.20 
20 0.95 
14 1.05 
151 2.30 


Drapeometer 
(cm.) 


10.62 
11.19 
11.06 
10.48 
10.97 
10.28 
10.09 
10.93 
10.16 
10.12 
10.17 

9.87 

9.84 
10.22 
10.12 

9.96 
10.32 
10.93 
11.34 


com whe 
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Heart loop 3 samples cut each way, each 


sample tested both sides 


Schiefer Flexometer 2 pairs of samples cut each 
way 

Planoflex 5 samples cut each way 

Drapeometer 3 samples cut each way, each 


sample tested both sides 


For each method a mean of all the figures for 
warpwise bending was taken as a measure of the 
stiffness of the warp, and similarly for the weft. 
The geometric mean of these two figures is taken 
as representative of the fabric as a whole [7]. This 
is the figure quoted in Table III, which summarizes 
the results obtained by laboratory measurements. 

In order to compare these results with those ob- 
tained from the subjective rating, the fabrics have 
been ranked in order, from soft to stiff, for each 
method of measurement. The results are given 
on page 439, top. The underlined letters indicate 
fabrics which were rated the same stiffness in a 
particular test. 

It can be seen that most of the tests appear to 
rank the fabrics approximately in the right order— 
that is, the high numbers at the right, the low ones 
at the left. It is difficult to obtain any more precise 
estimate of the agreement from inspection alone. 
Since these are rank numbers only, not absolute 
measures of stiffness, statistical methods of rank 
correlation may be used. The best measure of 
correlation for a small number of observations is 
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Subjective rating: R 


Cantilever, c: D 

G: D 
Heart loop, c: D 

G: R 
Schiefer Flexometer: D 
Planoflex: QO 
Drapeometer : M 
Or, assigning numerical ranks: 
Subjective rating: ae 


Cantilever, c: 7 
G: 


— 


Heart loop, c: 
G: 
Schiefer Flexometer: 


- 
we 
— 
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wn 


Planoflex: 


_ 
Nn WwWOArr Uw MN 
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Drapeometer: 


_ 


13 


Kendall’s coefficient of rank correlation, r._ Its use 
has been described by Schwarz and Fox [9], and 
also by Winn and Schwarz [11]. The values of the 
Kendall coefficient for each method of measure- 
ment, giving its correlation with the subjective 
evaluation, is given in Table IV. 

An application of the /-test shows that all these 
coefficients, with the exception of that for the 
Drapeometer, are significantly different from zero 
at the 95% probability level. That is, there is a 
reasonably well established relation between the 
subjective rating and the laboratory rating, and 
one can reasonably expect that any of the first six 
quantities might be used to evaluate stiffness. 


Repetition of the Test 


None of the coefficients is sufficiently higher than 
the others to suggest that one test is decidedly the 


TABLE IV. Rank CorRELATION OF LABORATORY 
MEASUREMENTS WITH SUBJECTIVE MEASUREMENT 


Method 


Cantilever, ¢ 
Cantilever, G 
Heart loop, « 
Heart loop, G 
Schiefer Flexometer 
Planoflex 
Drapeometer 


Kendall coefficient (r) 


0.56 
0.78 
0.63 
0.62 
0.70 
0.58 
0.09 


- 
M 


O 
K 
- 
O 
G 
H 


“le” 


im ZZ ez 


Aa” 


13 14. 13. 16: 12 16.19 


12 16 10 11° 14: «18 35 
12 18 17 15 14 


14. @: Fe. 88... 27 2938 
AG .42 38 47 55 29 4 


11 13 17 12 14 15 18 
11 14 2S. WS PSS: TF: 89 
8 i7 3 1G: 9) Be ha 5 4 


best. This may not, however, be the result of a 
lack of correlation, but may only reflect inaccuracies 
in establishing the subjective ranking. The range 
of fabrics used perhaps was not selected in the best 
way, for it can be seen by referring to Table I that 
there was not complete agreement upon the rank 
of any fabric in the group. Therefore, another 
test was carried out in which the fabrics were 
ranked subjectively at the start, and only those 
were selected for laboratory measurement which 
were ranked without difficulty. Twenty-two fab- 
rics were originally included, from which eleven 
were selected. They were as shown in Table V. 

These were ranked from soft to stiff by eleven 
people, as shown in Table VI. 


TABLE V 


: Weight 


Code letter Fabric (oz./sq. yd.) 


A’ Viscose rayon plain weave 2.9 
B’ Nylon sportswear 

c” Nylon twill 

D’ Nylon sportswear 

E’ Nylon taffeta 

F’ Nylon/bemberg crepe 

G’ Nylon/viscose satin 

H’ Nylon twill 

I’ Nylon taffeta 

4 Nylon twill 

K’ Cotton sportswear gabardine 








TEXTILE RESEARCH JOURNAL 





Code letters 
G’ H’ E’ A’ B’ 
H’ E’ GD’ I’ 
‘H’ E’ A’ B’ 
E’ A’ G’ B’ I’ 
A’ E’ G’ j’ D’ 


tee Pe 


F’ A’ 


Cantilever, c: 
G: $y 
Heart loop, c: dee, Be Ps 
G: Ce ae 
Schiefer Flexometer: C’ H’ F’ 
Of the methods investigated in the first test, the 
cantilever test and Schiefer’s Flexometer apparently 
gave the best correlations. Therefore, these two 
methods were selected for investigation with the 
second range of fabrics. The heart loop was also 
included, because of its essential similarity to the 
cantilever, and because it was felt that the com- 
parison between them needed to be verified. The 
Planoflex was not included because of its apparent 
inability to give reliable comparison between fabrics 
that are different in construction [5, 6]. For ex- 
ample, a sample of glass fabric, which felt very 
stiff, was measured on the Planoflex. The angle 
obtained was 44°, which would indicate a rather 
soft fabric. Schwarz, in a private communication, 
has indicated a similarly high Planoflex reading for 
a very stiff, plastic-coated fabric. Thus, it would 
appear that the Planoflex reading is influenced only 
in part by the bending stiffness of the fabric, which 
appears to be what the subjective evaluation esti- 
mates. Some other factor—perhaps the tendency 
for one set of yarns to slide over the other—also 
appears to have a rather marked influence. 
The values obtained by each of these methods 
of measurement are given in Table VII. In each 
case the figure quoted is an average of the value 





TABLE VI. SUBJECTIVE RANKING 
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obtained in the warp and weft directions, as de- 
scribed previously. 

Again ranking the fabrics in order from soft to 
stiff and assigning the rank numbers obtained from 
the subjective evaluation, we obtained the results 
given at the top of this page. 

Kendall’s coefficient of rank correlation can be 
calculated as before; the values obtained are given 
in Table VIII. 

Again, all coefficients are significantly different 
from zero at the 95% probability level. With one 
exception—the flexural rigidity as determined by 
the cantilever test—the coefficients are not appre- 
ciably different from the values obtained in the 
previous test. However, the coefficient 0.89 is con- 
siderably higher than it was before. If the selec- 
tion of a suitable test were to be based on the size 
of the coefficient, then one would select the flexural 


TABLE VII. Lasoratory EVALUATION OF STIFFNESS 


Schiefer 
Flexometer 
Work to 
fold 
(ergs) 


122 
195 

80 
175 
133 
105 
157 

80 
193 
170 
255 


Cantilever 
Bending Flexural 
length, c rigidity, G 

(cm.) (mg.cm.) 


2.42 67 
2.65 212 
1.65 28 
1.80 166 
2.30 118 
1.62 41 
2.16 140 
2.22 75 

185 

667 


Fabric Heart loop 
Bending Flexural 
length, ¢ rigidity, G 


(cm.)  (mg.cm.) 


1.50 
1.57 
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TABLE VIII. Rank CorRELATION OF LABORATORY 
MEASUREMENT WITH SUBJECTIVE MEASUREMENT 


Method 


Cantilever, c 
Cantilever, G 
Heart loop, c 
Heart loop, G 
Schiefer Flexometer 


Kendall coefficient (r) 


0.60 
0.89 
0.60 
0.71 
0.67 
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rigidity as determined by the cantilever test. How- 
ever, this cannot be the sole criterion. Simplicity 
of apparatus required and the ease with which the 
test may be carried out are important considera- 
tions. On these grounds one would also select the 
cantilever test. Therefore, it would seem to be 
the test most worthy of serious consideration as a 
standard laboratory test for stiffness. A further 
investigation into the use of this test is described 
in Part II. 


Summary 


The subjective evaluation of fabric stiffness was 
used to rank a range of fabrics in order as a refer- 
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ence standard with which to compare some labora- 
tory measurements of stiffness. Five different 
laboratory methods were used, and the correlation 
of the results of each method with the subjective 
evaluation was calculated using Kendall’s coeffi- 
cient of rank correlation. The most promising 
correlations were obtained from the flexural rigidity 
as determined by Peirce’s cantilever test and from 
Schiefer’s Flexometer. A second range of fabrics 
was tested in a similar way, with approximately the 
same results. Due to the simplicity both of tech- 
nique and of apparatus required for the Peirce 
cantilever test, it was therefore selected for further 
study, as described in Part II. 


Part II: A Study of the Peirce Cantilever Test for Stiffness of 
Textile Fabrics 


Introduction 

The cantilever test, as described by Peirce [7], 
has been shown to give results which correlate well 
with a subjective rating of stiffness which has 
been adopted as a reference standard. However, 
the best technique to be used for carrying out 
the test is not definitely established. Winn and 
Schwarz [10] have shown that the value obtained 
for bending length, as measured by the heart loop, 
is dependent upon the length of the fabric strip 
tested. No such information is available giving 
the effect of length of overhang in the cantilever 
test upon the value for the bending length obtained. 
There is little information about the best basis of 
comparison for different types of fabric—whether 
the measurements should be made on the basis of 
constant length of overhang, or perhaps constant 
angle of bend. Peirce [7] states: ‘“‘The length of 
overhang should be chosen to give a deflection of 
20° to 30°, or more for flimsy materials, since very 
short lengths also mean increased errors of observa- 
tion.’’ Also, in the description of the test method 
in ‘‘Methods of Test for Textiles,’’ published by 
the British Standards Institution [3], it is suggested 
that a length of overhang be used which gives an 
angle of 20° to 40°. No reason is given for such 
a statement, and no experimental evidence to sup- 
port it, Therefore, it was felt that a measurement 


of bending length for different lengths of overhang 
for a range of fabrics would be valuable. 


Fabrics Used 


The range of fabrics used is described in Table I. 
They were chosen to represent a variety of fibers 
and weaves, as well as a rather wide range of stiff- 
ness. 

Method of Measurement 


Measurements were made at 65% R.H., 70°F, 
on an instrument such as is described by Peirce [7], 
using a strip of fabric 1 in. wide by 6 in. long. 
Four strips were cut with the long dimension par- 
allel to the warp, and four with the long dimension 


TABLE I 


—Weighe. 


Code letter Fabric (oz./sq. yd.) 


A” Nylon sateen 
B” Viscose rayon plain weave 
C” Viscose rayon crepe 
D” Nylon plain weave (sportswear fabric) 
E” Nylon twill (tarpaulin fabric) 
F” Spun viscose plain weave 
G” Cotton poplin (sportswear fabric) 
H” Nylon oxford weave (sportswear fabric) 
I” Acetate rayon satin (sportswear fabric) 
x5 Worsted men’s suitin 
g 
K” Wool overcoating 
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parallel to the weft. Four readings were taken on readings were obtained for warpwise bending and 
each fabric sample, one at each end with the face _ sixteen for weftwise bending. An arithmetic mean 
up, and the same with the back up. Thus, sixteen of each set of sixteen readings was taken, and also 


TABLE II. BeEnpinG LENGTH at DiIrFERENT LENGTHS OF OVERHANG 


Fabric Length of overhang Mean angle of dip Mean bending length (cm.) 
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a geometric mean of the warp and weft values in 
order to obtain one figure which would be repre- 
sentative of the fabric as a whole. A similar set 
of readings was made for at least four lengths of 
overhang for each fabric, using the same set of 
samples each time, thus reducing differences due 
to sampling to a minimum. 
given in Table II. 

The calculation of the bending length from the 
observations can be made in several ways. Peirce 
[7] has described one method, and Bickley [2] has 
described several others which are based on a more 
rigorous solution of the differential equations in- 
volved. In order to compare these methods, the 
bending length was calculated in four ways: 


These figures are 


(a) a graph of c/l against 6; (6) a graph of 
P/Atan@ against @; (c) a table, with first and 
second differences, giving //c* in terms of tan 6; 

cos 0.5 @\ h 
8 tan 7) mets 
c = bending length, / = length of overhang, and 
6 = angle of dip. The first three methods are 
suggested by Bickley, the fourth by Peirce. 


(d) the’ relationship c = 1-( 


Method (c) is considered by Bickley to be the 
most reliable of these methods of computing bend- 
ing length, then (5), (a), and (d), in that order. 
Method (d), which is Peirce’s, gives consistently 
high results except at the low angles. In the 
middle range of angles (30°-50°) there is little dif- 
ference between (a), (b), and (c), Bickley’s methods. 


e 
> 


Bending length (cm.) 


Angle of dip (°) 


Fic. 1. The variation of bending length 


with angle of dip. 
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However, at low and high angles differences may 
show up due to the fact that in many cases the 
available graphs had to be extrapolated, which 
inevitably introduces error. It would appear, 
therefore, that it would be safe to accept method 
(a) as a simple, reliable method of computation. 
Figure 1 shows the results computed by method (a) 
for the bending length of some of these fabrics 
plotted against the angle of dip. It is unnecessary 
to confuse the graph by plotting the remainder of 
the results, for they are all essentially the same 
shape—that is, slightly concave upwards. In most 
cases the variation in bending length is not great. 
However, if one were to pick the most satisfactory 
range of angles over which the measurement should 
be made, the range 40°-50° would seem to be the 
best since in this range the bending length is most 
nearly constant for all the fabrics tested. In mak- 
ing the recommendation of 20°-30° as a suitable 
range, Peirce may have had in mind that his 
method of computation is more accurate up to 30° 
than it is at higher angles. However, it seems 
clear that in some cases the slope of the bending 
length vs. angle curve is rather too great in the 
region 20°-30° to make it a satisfactory range. 

In this light of this decision, consideration should 
be given to the method used by Chu, Cummings, 
and Teixeira [4], in which the overhang correspond- 
ing to a given angle is measured, rather than the 
angle corresponding to a given overhang. It is 
obviously not feasible to select a standard length 
of overhang for all fabrics, but a standard angle 
could be chosen, provided it is in the range of 
40°-50°. This happens to be a convenient range, 
for it is here that ¢/l is about 0.5. Chu ef al. took 
c/l = 0.500 at 43°, which is obtained from Peirce’s 
data. Using Bickley’s more accurate data, it is 
found that c/l = 0.500 at 41°—that is, for an angle 
of dip of 41° the bending length is one-half’ the 
length of overhang. 

The adoption of such a method of measurement 
simplifies the calculation, and also the equipment 
required, for all that is needed is a horizontal plat- 
form, an indicator inclined at an angle of 41° below 
the horizontal, and a means of measuring length 
of overhang. A satisfactory device has been found 
to be a steel rule carrying a centimeter scale, with 
a thin sheet of rubber cemented to the back. The 
rule is laid on top of the fabric strip with its zero 
opposite the end of the fabric, and the pair slid 
together slowly but steadily off the edge of the 
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platform until the angle of dip is 41°. The reading 
on the rule, opposite the edge of the platform, gives 
the length of overhang directly. The rubber back- 
ing on the rule prevents any slippage between the 
rule and the fabric. It is also advisable to place a 
weight on top of the rule and the fabric in such a 
way that they are held flat against the horizontal 
platform right to its edge. 

Measurements of bending length of all these 
fabrics were also made in this way. Results are 
given below, and for comparison the values ob- 
tained previously at the same angle (41°), as read 
from a plot such as Figure 1, are also given. 


Mean bending length 
Previous 
value, 41° 


Constant 
angle, 41° 


Fabric 
A” 1. 
B” 1.5 
fag 1.40 
2 
3. 


Ratio 


0.93 
0.91 
0.88 
0.86 
0.93 
0.91 
0.84 
0.91 
0.90 
0.90 
58 0.83 


D” : 

BE” 3.39 
id 1.67 
G" 2.37 
H” 2.48 
ag 3.03 
y” 1.98 
ig 2.17 
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The fact that the values obtained by this method 
are somewhat lower than those obtained by the 
previous method could hardly have been antici- 
pated by intuitive reasoning. However, since in 
the constant-angle method the bending moment is 
continually increasing up to the final observation, 
while in the constant-length-of-overhang method it 
is continually decreasing, one would hardly expect 
to get the same result for the two methods. Never- 
theless, there is no reason to feel that one is a less 
reliable method than the other. Moreover, since 
the ratio of the results obtained by the two methods 
is sensibly constant, both will rank fabrics in essen- 
tially the same order. Since this is a comparative 
scale only, it would seem immaterial which method 
is used, provided all measurements are done the 
same way. In view of this, the constant-angle 
method is recommended as the simplest both from 
a standpoint of equipment required and of tech- 
nique. 
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Summary 


A technique has been developed for the measure- 
ment of stiffness in textile fabrics using the canti- 
lever method as suggested by Peirce. It is pro- 
posed that the best basis for comparison of fabrics 
is measurement made at a standard angle of dip, 
41°, at which angle the bending length is one-half 
the length of overhang. It was shown in Part I 
that the best measure of stiffness is the flexural 
rigidity of the fabric, which is its weight per unit 
area multiplied by the cube of its bending length. 
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An Experimental, Gas-Fired, Infrared 
Textile Slasher 


Ralph A. Rusca and George J. Kyame 


Southern Regional Research Laboratory,* New Orleans, Louisiana 


Abstract 


An experimental, gas-fired, infrared textile slasher designed by the textile engineers of the 
Southern Regional Research Laboratory is described. The slasher processes warps 21 in. 


wide on beams with 18-in. heads, and is used in operations of pilot-plant scale. 


Among the 


features which represent departures from conventional methods of textile slashing are: a new 
system for the preparation and distribution of the sizing material; a new and more flexible 
design of size box; an improved means for drying the size-impregnated warp, which combines 
the best features of radiant and convection drying methods; and a sensitive drive system capable 
of controlling the warp tension during processing. 


SEVERAL YEARS AGO the Southern Regional 
Research Laboratory was in need of a slasher to com- 
plete the equipment requirements of its textile proc- 
essing laboratory. <A desired which 
would process warps of pilot-plant scale—in particu- 
lar, warps 21 in. wide by 300-600 yds. long. Com- 
mercially available slashers were either too small or 
too large. 


slasher was 


The laboratory-scale units were intended 
primarily for slashing small experimental lots of yarn, 
while the mill-size slashers were impractical for pilot- 
scale operations. It was necessary, therefore, for the 
Southern Laboratory’s textile engineers to design 
a slasher to meet their specific needs. A semi-pro- 
duction-size machine was constructed the full length 
and about half the width of a production model; it 
handles warps 21 in. wide on beams with 18-in.-diam- 
eter. heads. Since the slasher has several uncon- 
ventional features, it was felt that a description of it 
would be of interest to research organizations and 
textile mills. 


Slashing Equipment 


The efficient and satisfactory slashing of warps is 
one of the major problems of the textile industry. 
No weave room can maintain quality and production 


* One of the laboratories of the Bureau of Agricultural 
and Industrial Chemistry, Agricultural Research Adminis- 
tration, U. S. Department of Agriculture. 


unless properly sized warps are produced by the 
slashers. 

All slashers are essentially the same in design, dif- 
fering mainly in the drying means employed [1]. 
The cylinder or can-type drier is the most popular 
in North America, although a number of hot-air driers 
have been installed in recent years. Hot-air driers 
are used quite extensively in Europe. Lately, the 
mills have begun to augment their slasher capacities 
by using infrared radiation supplied by the use of gas 
burners or, occasionally, by electric lamps. 

Present slashing methods are fairly adequate from 
the standpoint of production; but the quality of the 
product frequently is inferior to that desired. The use 
of steam cylinders results in nonuniform drying and 
baking of the size, and drying of the size film in a 
flattened shape [1]. Subsequent splitting of the 
There 
are also complaints regarding the size cooking and 
handling equipment and the control of yarn tension 
during the beam windup. 


warp leaves the size film harsh and ragged. 


These factors lead to 
lower weaving efficiency and higher manufacturing 
costs. 

The Laboratory’s engineers have attempted to in- 
corporate improvements over existing methods and 
equipment in the S.R.R.L. slasher. Ample instru- 
mentation was provided to permit the use of the 
slasher in exploratory and experimental research. 
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The present paper describes the design and operating 
principles of the new machine. 


Size Preparation and Storage System 


The size system of the S.R.R.L. slasher is shown 
schematically in Figure 1. The system diagrammed 
has no storage tank and is used for research applica- 
tions requiring less than one tankful of size; in this 
instance, the makeup tank later serves as a storage 
tank. For production purposes a separate unit— 
without the size box—is employed to prepare the size, 
and the system illustrated is used for storage and 
distribution. 

Conventional size formulations and preparation 
procedures are followed with this new system, but 
its operation differs somewhat from standard prac- 
tice. In use, fluid is withdrawn simultaneously from 
the makeup tank and the size box, mixed in the pump, 
and then forced through the heat exchanger for heat- 
ing. The discharge from the heat exchanger divides 
into two streams—one replenishing the size in the 
size box, and the other returning to the makeup tank. 
The returning streams are fed back into their re- 
spective tanks, at a point below the fluid level, in a 
manner that produces a vigorous top-to-bottom turn- 


over of the tank contents. Agitation is more thor- 


ough than with the whirlpool-like spinning action usu- 


ally encountered with paddle-type agitators. For 
preparing the size solution, the fluid circulation is 
confined, by proper valve adjustment, to the makeup 
tank, pump, and heat exchanger. 

A system of this type minimizes the disadvantages 
existing in the size-preparation methods and equip- 
ment in use today. Dispersal of dry ingredients is 
very rapid because of their passage through the pump 
and the vigorous agitation of the tank contents. The 
pump used to circulate the size is a self-priming, posi- 
tive-displacement device that employs a single-chread, 
helical-screw rotor within a double, internal, helical- 
thread stator. Such pumps are less violent than the 
impeller types and cause little or no starch breakdown, 
thereby having relatively little effect on the viscosity 
of the size. Starch lump formation due to the use of 
live steam and inadequate agitation [2] is eliminated. 
Heat transfer in the heat exchanger is better than in 
the conventional steam coils or steam-jacketed kettles 
because an insulating film of size is not formed in the 
fluid-carrying coil. This method of heating also 
prevents dilution of the size, as is the case with live 
steam. 


Fic. 1. The S.R.R.L. size system. A—Makeup tank. 


B—Jet. C—Heat exchanger. D—Steam inlet. E— 
Pump. F—Size box. G—Float valve. H—Tempera- 


ture controller. I—Solenoid valve. 


Size temperature is maintained constant through 
the use of a temperature controller located in the 
suction line at the intake of the pump. The controller 
activates a solenoid valve which controls the flow of 
steam to the heat exchanger. 

An inexpensive float valve, seen in Figure 1, auto- 
matically regulates the size level in the size box by 
varying the area of the drain hole as the size level 
varies. A constant rate of size imput maintains the 
size level without the risk of air entrainment, which is 
present in the familiar, overflow-type system. 


The Size Box 


Foremost among the factors that affect the attain- 
ment of an “ideally” sized warp are the amount of 
size applied to the yarn and the degreé of penetration 
therein. To facilitate a study of these factors, the 
S.R.R.L. size box is provided with a greater than 
normal depth of warp immersion, and control of the 
immersion of the size rolls (Figure 1). The latter is 
accomplished by making the size rolls of unequal di- 
ameters and mounting them at different levels so that 
with the proper adjustment of the size level one or 
both rolls can be immersed in the bath. 

Other features include the elimination of trouble- 
some stuffing boxes by suspending the size rolls 
from specially designed hangar bearings, and con- 
touring the size box to fit closely to the rolls so as to 
minimize unused space and reduce size stagnation 
due to lack of agitation. 

The squeeze rolls are of equal diameter and are 
covered with the conventional wool blanket. Load- 
ing of the squeeze rolls is done by a set of calibrated 
steel springs, with scales at each spring to indicate the 
load being applied. 
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All parts of the size box and size preparation unit 
coming in contact with the size solution are of stain- 
less steel with the exception of a synthetic-rubber 
pump stator. 


The Drying System 


The development of an improved drying system 
received a great deal of attention. Preliminary re- 
search included studies of the relative efficiency and 
practicability as well as the possible effect on the 
physical properties of yarn of conduction, convection, 
and radiation heating methods. Heating systems in- 
vestigated included high-pressure steam cylinders, 
high-frequency dielectric heating, radiant heating, 
and direct- and indirect-fired convection ovens. 

The drying method adopted for the experimental 
slasher is based on the fact that cotton yarn will 
not be damaged by exposure to intense heat as long 
as the yarn is saturated with free water. The appli- 
cation of this principle led to the design of the combi- 
nation radiation-convection drier depicted schemati- 
cally in Figure 2 and photographically in Figures 3, 
4,and 5. The drier consists of an elongated, double- 
walled structure formed into a modified U-shaped 
chamber. In a 6-ft.-high vertical section comprising 
one arm of the U, four gas-fired burners are mounted 
in staggered relationship on opposite walls ; these are 
adjustable inwardly and outwardly. The burners 
emit radiant energy from aluminum-oxide refractories 
heated to incandescence—approximately 2,300°F— 
by an air-natural gas mixture, and are designed to 
give temperatures up to 700°F in this section of the 
drier, with no wet warp present. The remaining sec- 
tion of the drier forms the other part of the U and 
consists of an inclined portion 15 ft. long, which ter- 
minates at its outlet end in a short vertical run. An 
exhaust blower draws the hot combustion products 
from the burners through tke inclined section to pro- 


bes; 


Fic. 2. 
vection drier. 
drying section. 
C—Wet-split rolls. _D—Con- 
vection drying section, E— 
Exhaust duct. F—Beam wind- 
up section. 


The _ radiation-con- 
A—Radiation 


B—Burners. 


Me 
Z 
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vide the convection-heating stage of the drying 
operation. 

In passing through the burner section the warp is 
subjected to the combined effect of hot air and infra- 
red radiation. This action, coupled with the well- 
known penetrating power of the infrared heat, quickly 
raises the temperature of the size to the boiling point. 
Since the atmosphere in the oven is made up of the 
combustion products of the air-gas mixture fed to 
the burners, the warp is heated in a nonoxidizing at- 
mosphere of low relative humidity. At no time is the 
warp exposed to the deteriorative effects of oxida- 
tion and high relative humidity in the presence of 
high temperatures [3, 4]. If desired, however, ad- 
ditional air may be bled in through openings which 
may be uncovered around each burner and at the top 
of the vertical section. This feature, together with 
regulating the ratio of air and gas fed to the burners, 
permits control of the drying medium to such an ex- 
tent that an oxidizing, reducing, or neutral atmos- 
phere can be maintained within the drier. 

The burner control system is interlocked electrically 
with the drive system so that the burners are auto- 
matically turned down when the slasher is operated 
at creep speed, and are cut off completely and rapidly 
cooled at stopping. 

Control over the intensity and penetrability of the 
infrared radiation and over the hot-air velocity makes 
the drier particularly adaptable to the drying of sur- 
face coatings. Heating may be done so rapidly that 
surface coatings may be dried or cured without ma- 
terially affecting the underlying base. 

The interior walls of the inclined section fit rather 
closely to the warp in order to attain high air veloci- 
ties without the need for large and expensive blower 
systems. No unequal heating effects have been ex- 
perienced from side-wall radiation with this design. 
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An air-intake valve at the exhaust blower regulates tion and six smaller doors on the inclined section and 
the air flow through the drier. Access to the warp is outlet end. 
provided by a large hinged door on the vertical sec- The warp is wet-split into two sheets prior to en- 


Fic. 3. View from rear end of the slasher. Fic. 4. Interior of the radiant drying section. 


Fic. 5. Front end of the slasher. 
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tering the drier. Six conveyor rolls are mounted in 
pairs at three points in the drier—at the top and at 
the bottom of the vertical section, and in the middle of 
the inclined section. These rolls are staggered in both 
the horizontal and vertical planes, and are so posi- 
tioned that the two warp sheets are centered between 
the burners and are spaced about ;’; in. apart in the 
vertical section. The sheets enter the inclined section 
about 2 in. apart and come together on a roll mounted 
outside the drier outlet. The rolls in the vertical 
section are water-cooled to minimize size pickup. 


The Drive System 


The slasher driving system uses three variable- 
voltage D.C. motors to power the size rolls, the de- 
livery roll, and the windup beam, respectively. The 
delivery roll and the size rolls are driven at a con- 
stant speed ; a manually operated rheostat controls the 
speed differential between the two motors so as to 
maintain the warp tension desired between the size 
box and the delivery roll. A similar rheostat in the 
beam motor circuit adjusts the warp tension between 
the delivery roll and the windup beam. As the beam 
diameter increases the beam speed is automatically 
decreased to keep the horsepower, and hence the warp 
tension, constant. The over-all production speed of 
the slasher is regulated by means of a master control 
which changes the speeds of all three motors simul- 
taneously. The master control is operable by hand 
or automatically by a moisture-regain controller. 
This system has been found to provide stable speed 
control over a range of 2 to 50 yds. per min., and to 
maintain constant the tension in the warp. 

Mounted between the delivery roll and the windup 
beam are a series of split rods, an expansion comb, and 
a positively driven, eccentrically rotating guide roll. 
The guide roll causes the warp to traverse the dents 
of the comb, and distributes the wear on the wires. 
It should be noted that this guide roll can be used suc- 
cessfully only with a beam windup system that re- 


sponds instantly to the changes in warp tension by 


the eccentric motion of the roll. 


Instrumentation 


Graphic recording instruments are used to meas- 
ure the variables of the slasher operation. One of 
these instruments is the previously mentioned mois- 
ture-regain controller, a commercially available unit 
which measures and records the electrical resistance 


of a section of the moving warp. The instrument is 
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calibrated to read directly in percent moisture regain, 
and its control action operates the master rheostat 
governing the speed of warp movement through the 
drier. A change in the galvanometer of the instru- 
ment was found necessary in order to give the unit 
the high-speed response required for the S.R.R.L. 
slasher. 

A four-point potentiometer records temperatures 
in the size box and at both ends of the convection 
drying section of the drier. The fourth point is re- 
served for a “roving” temperature-measuring element 
which is used to study temperature distribution within 
Warp 


speed is indicated by an electric tachometer that is 


the drier as well as other thermal variables. 


attached to the warp-driven roll mounted just outside 
the drier outlet. Two yardage counters show the 
yardage input to the drier and the yardage output. 
Three permanently mounted water manometers meas- 
ure the gas pressure, air pressure, and air-gas-mix 
pressure for the infrared burners. A gas meter meas- 
ures the rate and total consumption of fuel, and a re- 
cording watt-hour meter measures the electric power 
consumed. A side-arm thermometer mounted in the 
side of the makeup tank indicates the size tempera- 
Safety 
measures include full electrical ignition of the gas 


ture during the cooking and storage stages. 


burners and an improved, automatic protective sys- 
tem to shut off the gas in case of flame failure. 


Conclusion 


The mechanical phases in the development of the 
slasher were completed in Jan. 1951. In operation 
about two months, the slasher has been found to pro- 
duce warps of good quality for use in the Southern Re- 
gional Research Laboratory pilot-plant applications. 
The size preparation and distribution system maintains 
size viscosity within close limits; the size box applies 
the solution to the warp with reasonable uniformity ; 
drying in the radiant-convection oven is accomplished 
with 70% to 80% thermal efficiency; and the sized 
warps are wound on the loom beam under constant 
At this time (Mar. 1951) 
research has not been sufficient to determine the pos- 


tension from start to finish. 


sibilities of the slasher for industrial utilization. 
U.S. Patent 2,516,884 has been granted, and others 
are pending, on the essential features of the slashing 
equipment. These will be available for license from 
the Secretary of Agriculture on a royalty-free, non- 
exclusive basis. Complete engineering details of the 
slasher are available on request to the Southern Re- 
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gional Research Laboratory, 2100 Robert E. Lee 
Blvd., New Orleans 19, La. 
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Book Reviews 


The Japanese Cotton Industry. W. T. Kroese. 


Leiden, Holland, H. E. 
158 pages. Price, f. 8.50. 
stores in U. S. A.) 


Stenfert Kroese’s, 1950. 
(Available through book- 


Cotton-industry executives will find much of value 
in this report by Dr. Kroese, who is an executive di- 
rector of a large vertical mill. Up-to-date information 
is presented which will help assess the progress in 
recovery by the Japanese cotton industry since 1945 
and its potentials as far as competition for world mar- 
kets is concerned. In addition to a study of the 
economic factors of the industry, such as imports and 
exports of cotton textiles and materials, and labor 
practices, data on production efficiency and operat- 
ing costs are presented in considerable detail. 


Rayon Fabric Construction. A. T. C. Robinson. 
London, Thomas Skinner & Co., 1950. 


180 pages. 
Price, 25/-. 


This is intended as a text and reference book for 
the student and the designer. It is a somewhat re- 
vised edition of a series of articles on the subject by 
the head of the Textile Department, Halifax College 


of Technology, which have appeared in Silk and 
Rayon over the past two years. 

The scope is wide, ranging from plain weaves, 
twills, and satins to figured weaves, figured double 
plains, mass crepes, and cloques to furnishing fabrics. 
In addition to detailed discussion of the fabrics, their 
design, uses, and, in many instances, methods of 
weaving, 274 excellent illustrations (some in color) 
show the finished fabrics and weaves. The readable 
type and good-quality paper add much to the value of 
the book from the reader’s viewpoint. 


A Study of the Effects of Form Factors on the 
Translation of the Inherent Physical Properties 
of Textile Fibers into Textile Structure. Walter 
J. Hamburger, Milton M. Platt, and Marcellotte W. 
Ross. Textile Series Report No. 59, Office of The 
Quartermaster General. 308+ ix pages. Price, 
$8.25. (Available through the Office of Technical 
Services, U. S. Dept. of Commerce, Washington 25, 


a2 


This is a compilation of abstracts which constitutes 
a review of the literature published before 1947. The 
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survey was prepared as part of a project sponsored 
by the Office of The Quartermaster General. The 
subject matter covered by the survey is much broader 
in scope than the title indicates. Not only does it 
review textile geometry and its influence on the physi- 
cal properties of textiles, but it includes such subjects 
as the effect of humidity, visco-elastic behavior, and 
fabric finishing. The survey is divided into two 
parts. Part I (134 pages) includes abstracts of ar- 
ticles dealing with mechanical properties and be- 
havior; viscosity deformation; adsorption; friction; 
and fiber, yarn, and fabric theory. Part II is di- 
vided into the following main sections: Sub-Fiber 
Structure; Testing; Fibers; Yarns; Fabrics; and 
Modification of Properties Through Finishing. 

Because of the over-all treatment of a wide variety 
of information the usefulness of this survey to all per- 
sons engaged in textile research can hardly be over- 
estimated. 


Modern Chemical Processes. Editorial Staff of 
Industrial and Engineering Chemistry. New York, 
Reinhold Publishing Corp., 1950. 218 pages. Price, 
$4.00. 


(Reviewed by L. E. Hilbert, Carbide and Carbon 
Chemicals Division, Union Carbide and Carbon 
Corp., S. Charleston, W. Va.) 


As stated in the foreword by the editor, this book 
is a compilation of articles which have appeared in 
Industrial and Engineering Chemistry since 1948 de- 
scribing processes of significant importance in the 
chemical industry. 


It includes not only processes 
among the basic heavy chemicals but it also represents 
a good cross section of the organic chemicals, fine 
chemicals, and medicinals. 

The book does not, of course, include minute de- 


tails of each process, but it does give a comprehensive 
description such as would serve the need of one who 
desires a good general knowledge of related industries. 
The treatment of the historical background leading 
up to the development of each process is excellent, 
and the reviewer considers the thoroughness with 
which each is relegated to its proper place of impor- 
tance, economically and technologically, to be a major 
achievement of this book. 

It will not only serve as a handy reference for men 
of industry in both technical and executive capacities, 
but it should also prove invaluable to students of 
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chemical technology in general. Although these 
articles have appeared individually in the journal over 
a period of years, their being presented in book form 
for quick reference is convenient. The publication of 
other volumes, as the data become available, is a goal 
of which the editors can be very proud. 

The reviewer considers the articles “Production of 
Iodine from Oil Well Brines,” “Continuous Super- 
phosphate Production,” “Carotene and Chlorophyll 
Production,” and the article dealing with extraction 
of vegetable oils to be particularly interesting because 
they include descriptions of certain processing tech- 
niques that are not too familiar to the reviewer. By 
the same token, each individual in reading this book 
will likewise profit from a review of techniques em- 
ployed by industries both related to and far removed 
from his own. 


Colloidal Dispersions. Earl K. Fischer. New 
York, John Wiley & Sons, Inc., and London, Chap- 
man & Hall, Ltd., 1950. 387 + vii pages. Price, 
$7.50. 


(Reviewed by E. I. Valko, Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.) 


Thjs book fills admirably a long-existent void in 
scientific and technical literature. Its subject is the 
dispersion of finely divided solids in liquids, and thus 
it complements the available literature on emulsions. 

The first five chapters deal with particle size (in- 
cluding a very useful explanation of the different 
meanings of average diameter), wetting, stability, 
flocculation, and the flow properties of dispersions. 
These chapters occupy about half of the volume. The 
second half is devoted to the preparation of disper- 
sions, explaining the role of surface-active agents and 
the construction, operation, and mode of action of 
mills. The last chapter on the flushing process rep- 
resents the first adequate treatment this important 
method has received in the literature. 

Because of the close interrelation of this field with 
many other branches of colloid science, inclusion or 
omission of specific topics were in some cases unavoid- 
ably a matter of arbitrary choice. For example, the 
discussion of carbon black includes particle size, op- 
tical properties, dispersion on the rubber mill, and 
suitable dispersing aids in the form of surface-active 
substances, but only brief space is given to the re- 
inforcing effect of the pigment in rubber. The effect 
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of pigments in paints and printing inks is discussed 
rather extensively. Colloidal hydrosols possessing 
particles entirely in the submicroscopic region are in 
general not covered. The topic of aerosols admittedly 
lies outside the main scope of the book and it claims 
only a scant page. Nevertheless, in appraising the 
end-result, it appears that the author drew the lines 
of demarcation of his topic wisely, since the mono- 
graph is unusually coherent and well balanced. For 
its size it contains an amazing wealth of information, 
and the text is amply documented by well-chosen and 
up-to-date references to books, original papers, and 
patents. 

Dr. Fischer uses clear and vivid language. 


If he 
feels that the prevailing theories are not adequate, 


he says so, and in this rather complex field he has 
more than one occasion to do so. However, in many 
other cases, the reader will share the reviewer's grati- 
fication for the successful application of fundamental 
knowledge to intricate industrial processes. The 
broad experience of the author in the field of colloidal 
dispersions enabled him to present his material with 
authority whether he deals with theory or with prac- 
tical problems. 

The mere assembly of available knowledge in this 
field would alone represent a notable achievement, 
but Dr. Fischer achieved more than that through his 
critical evaluation and integration of this knowledge. 

The book will serve not only as an excellent guide 
for the technical man but it will also be of great value 
as a reliable source of information for the research 
man. Textile chemists will: be particularly inter- 
ested in what they can learn from this book on the 
manufacture and properties of pigment dispersions. 
They will also find in it inspiring information on 
many other fields which bear close relation to their 
own. 
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Aminoplastics. C. P. Vale. London, Cleaver- 
Hume Press, Ltd., and New York, Interscience Pub- 
lishers, Inc., 1950. 


250 pages. Price, $2.75. 


(Reviewed by S. D. Douglas, Carbide and Carbon 
Chemicals Division, Union Carbide and Carbon 
Corp., South Charleston, W. Va.) 


The expansion of the aminoplastics industry in re- 
cent years has been accompanied by the appearance 
of a wealth of literature, most of which has been in 
the form of magazine articles, chapters in general 
textbooks, and patents. Accordingly, a book which 
assembles and deals effectively with all of the various 
ramifications of this subject is particularly welcome. 
Aminoplastics covers the chemistry of these materials, 
their manufacture, and a survey of their applications. 
It should therefore be of value to those engaged in 
the utilization of urea and melamine resins as finishing 
agents, adhesives, coatings, and molding powders, as 
Other 
amino resins of more than experimental interest, 


well as to the resin chemist and manufacturer. 


including those made by reacting thiourea and guani- 
dine, respectively, with formaldehyde, are described 
in a chapter appropriately entitled Miscellaneous 
Amino Resins. 

Chemical reactions involved are discussed in sec- 
tions dealing with the proposals advanced by numer- 
ous investigators to explain the formation of these 
Further intensive re- 
search will be required before the exact mechanism is 
clearly understood. 


three-dimensional structures. 


The appendix contains a com- 
prehensive bibliography and a useful list of manu- 
facturers in the U. S. and abroad, together with the 
proprietary names of their products. 

In the opinion of this reviewer, this work provides 
a compact, well-balanced picture of an important seg- 
ment of the plastics industry. 
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